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26th International Symposium on BALLISTICS
Miami, FL

12 — 16 September 2011

Agenda
T mber 13, 2011

Keynote Address:

o An Overview of Analyzing Firearm, Tool Mark and Impression Evidence at the Miami-Dade Police Department, Mr. Gabriel
A. Hernandez, Criminalist Supervisor, Miami-Dade Police Department

GENERAL SESSION CHAIRED BY ZHONGYUAN WANG & GORDON JOHNSON

e 11826 - Analyzing Lubrication’s Contribution to Cartridge Case Failure, Mr. Mark Minisi, USA

o 11946 - Reinforced Dense High-Explosive Fills for Gun Launch, Mr. Michael Minnicino, USA

o 11892 - Modeling of Fabric Impact with High-Speed Imaging and Nickel-Chromium Wires Validation, Dr. Sidney Chocron,
USA; Mr. Trenton Kirchdoerfer, Ms. Nikki King, Dr. Christopher Freitas

e 11981 - Pressure Effects in an Enclosed VVolume Due to EFP Impact, Mr. Jo Hagness Kiran, Norway

EXTERIOR BALLISTICS - ASHE AUDITORIUM CHAIRED BY MARC GIRAUD & ED SCHMIDT

11803 - Preliminary Testing of a 2-Fin Flechette, Mr. IImars Celmins, USA; Mr. Gregory S. Oberlin

11835 - Numerical Investigation of Lateral Jet Interaction on a Fin-Stabilized Projectile, Dr. James DeSpirito, USA

11894 - Predicting the Dynamic Stability of Small-Caliber Ammunition, Dr. Sidra I. Silton, USA; Mr. Bradley E. Howell

11957 - An Automated Visual Scoring Algorithm for Assessing Gunfire Accuracy, Dr. Chris Weiland, USA; Mr. John F.

Busic, Dr. Jon J. Yagla

e 11996 - Free-Flight Motion Analysis Based on Shock-Tunnel Experiments, Mr. Pierre Wey, France; Dr. Friedrich Seiler, Dr.
Julio Srulijes, Mrs. Myriam Bastide, Mr. Bastien Martinez

e 12015 - Extended Range of 155mm Projectile Using an Improvised Base Bleed Unit: Simulations and Evaluation, Dr. Ing

Nils Kubberud, Norway; Dr. Ing Ivar @ye

TERMINAL BALLISTICS & IMPACT PHYSICS - ASHE AUDITORIUM CHAIRED BY MATHIAS WICKERT &
CHARLIE ANDERSON

o 11487 - Development of a Novel Ceramic Armor System: Analysis and Test, Dr. David L. Hunn, USA; Dr. Sang J. Lee
e 12030 - Visualization and Analysis of Impact Damage in Sapphire, Mr. Elmar Strassburger, Germany; Dr. James W.
McCauley, Dr. Parimal Patel

Wednesday, September 14, 2011

EXPLOSION MECHANICS - ASHE AUDITORIUM CHAIRED BY ANDREAS HELTE & DAVID LAMBERT

11755 - Perforator with Energetic Liner, Mr. David Davison, USA; Mr. Dan Pratt

e 11778 - Is Higher Detonation Velocity Needed for Shaped-Charges?, Dr. Meir Mayseless, Israel; Eitan Hirsch, Bill W.
Harvey, J.E. Backofen

12056 - Glass as a Shaped Charge Liner Material, Dr. Ernest Baker, USA; Mr. Arthur Daniels, Mr. Tan Vuong, Mr. James
Pham, S. DeFisher

e 12019 - A Novel Technology for Switchable Modes Warheads, Dr. Werner A. Arnold, Germany, M. Graswald, E.
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Rottenkolber
o 11897 - The Potential of FOX-7 in Insensitive Munition Design, Dr. lan G. Cullis, UK; Mr. Richard Townsley

TERMINAL BALLISTICS & IMPACT PHYSICS - ASHE AUDITORIUM CHAIRED BY DANNY YAZIV & WILLIAM
GOOCH

o 11917 - Effects of EFP Solidity in Terminal Ballistics, Mr. Ho Soo Kim, South Korea; Dr. Werner Arnold, Dr. Thomas
Hartmann, Mr. Ernst Rottenkolber, Dr. Andreas Klavzar

e 12025 - An Experimental and Numerical Study of Ballistic Impacts on a Turbine Casing Material at VVarying Temperatures,
Dr. Francisco Galvez, Spain; Mr. Borja Erice, Dr. David Cendon, Dr. Vicente Sanchez-Galvez, Dr. Tore Borvik

e 12048 - The Penetration Process of Jets and Long Rods in Water, Dr. Dan Yaziv, Israel; Meir Mayseless, Zvi Cooper,
Yehiel Reifen, Eitan Hirsch

INTERIOR BALLISTICS - ASHE AUDITORIUM CHAIRED BY CLIVE WOODLEY & JONATHAN JABLONSKI

o 11495 - Modeling the Internal Ballistics of Lightweight Plastic Driving Band Projectiles, Mr. Clive R. Woodley, UK

e 11782 - Burning Behavior of Gun Propellants Under the Influence of Pressure Oscillations — Theoretical Background and
Simulation, Mr. Klaus-Achim Kratzsch, Germany

o 11940 - Multidimensional Interior Ballistics Modeling with Extensions to Igniter Design and Operation, Dr. Michael Nusca,
USA

Thur tember 15, 2011

EXPLOSION MECHANICS CHAIRED BY MARKUS GRASWALD & WILLIAM WALTERS

11770 - The Trouble with TNT Equivalence, Mr. Paul M. Locking, UK

o 11926 - Effect of Set Up Parameters of Landmine Blast Over Transferred Energy to a Rigid Body: Experimental and
Computational Study, Dr. Juan P. Casas Rodriguez, Colombia; Jose A. Hoyos Uribe, Victor H. Bastidas Poveda

e 12006 - Experimental Studies of Scalable Effects Warhead Technologies, Dr. Markus Graswald, Germany; Dr. Werner
Arnold

e 11948 - Results and Analysis from Mine Impulse Experiments Using Stereo-Digital Image Correlation, Mr. Craig Barker,
USA,; Douglas Howle, Terry Holdren, Jeffrey Koch, Raquel Ciappi

» 12036 - An Investigation of Aerosolization and Associated Phenomena Resulting from the Detonation of Explosives, Mr.

Luke S. Lebel, Canada; Mr. Patrick Brousseau, Dr. Lorne Erhardt, Dr. William S. Andrews

LAUNCH DYNAMICS - ASHE AUDITORIUMCHAIRED BY NICHOLAS BRUNO & DON CARLUCCI

e 11764 - Inclusion of Rifling and Variable Centerline in Gun Tubes for Enhanced Modeling of Launch Dynamics, Mr.
Charles Eichhorst, USA; Dr. William H. Drysdale, Mr. Michael Minnicino, Mr. David A. Hopkins

e 11937 - 5.56mm M855 Accuracy and Jump Measurements, Mr. IImars Celmins, USA

e 12029 - Modeling of the Dynamics of a 40 mm Gun and Ammunition System During Firing, Mr. Nicolas Eches, France; Mr.
Didier Cosson, Mr. Quentin Lambert, Mr. André Langlet

e 12062 - Characterization of a Potting Material for Gun Launch, Dr. Aisha Haynes, USA,; Dr. Jennifer Cordes

e 12063 - Gun Launch Dynamics of Pyrotechnic Materials, Dr. Aisha Haynes, USA; Mr. Justin John, Mr. Anthony Sherwood

INTERIOR BALLISTICS - ASHE AUDITORIUM CHAIRED BY PAUL LOCKING & MICHAEL NUSCA

o 11956 - Detailed Ballistic Performance Characterization of 120-mm Mortar System with Different Flash Tube
Configurations, Dr. Kenneth Kuo, USA; Dr. Eric Boyer, Mr. Heath T. Martin

e 11441 - The Numerical Optimization of the Novel Kinetic Energy Penetrator for Tank Guns, Dr. Mariusz Magier, Poland

e 12024 - A Numerical Tool for Evaluating Solid Propellants Ignition Models, Mr. Christophe Boulnois, France; Dr. Camille
Strozzi, Dr. Amar Bouchama, Pr. Philippe Gillard

o 11494 - Modeling the Effects of Non-Gaseous Igniter Combustion Products on the Ignition of Gun Propellants, Mr. Clive R.
Woodley, UK

e 11945 - Modeling Explosive Cladding of Metallic Liners to Gun Tubes, Mr. Jack M. Pincay, USA; Dr. Ernest L. Baker, Mr.
David G. Pfau

e 12080 - Finite Element Modeling of Primer Impact to Understand the Dynamics of Misfires, Mr. Mark D. Lee, USA

VULNERABILITY - ASHE AUDITORIUM CHAIRED BY PHILIP CUNNIFF & HO SOO KIM

e 11794 - Survivability Evaluation of Blast Mitigation Seats for Armored Vehicles, Dr. Ming Cheng, Canada; Mr. Doug
Bueley, Dr. Jean-Philippe Dionne, Dr. Aris Makris

e 11991 - Attenuation of a Blast Wave Through Cranial Bone, Dr. Amy C. Courtney, USA; Dr. Michael W. Courtney

e 12040 - DESCENT Modeling in Rotorcraft Vulnerability Assessment, Mr. Andrew W. Drysdale, USA; Dr. Matthew Floros

o 12065 - Ammunition and Weapon Effects in Confined Operational Urban Theatre in the Vicinity of Own Troops, Mr. Theo
Verhagen, The Netherlands; Mr. Martin v.d. Voorde

Thur tember 15, 2011
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TERMINAL BALLISTICS & IMPACT PHYSICS - ASHE AUDITORIUM CHAIRED BY JAMES WALKER & PIERRE
CHANTERET

11776 - Penetration of Rigid Rods into Sand, Dr. Stephan Bless, USA; W. Cooper, K. Wantawabi

11997 - Blast Response Analysis of Reinforced Concrete Slabs: Experimental Procedure and Numerical Simulation, Mr.
Gustavo Morales-Alonso, Spain; Dr. David A. Cendon, Dr. Francisco Galvez, Mr. Borja Erice, Prof. Dr. Vicente
Séanchez-Galvez

12035 - Effect of Frictions on the Ballistic Performance of a 3D Warp Interlock Fabric: Numerical Analysis, Mr. Cuong Ha-
Minh, France; Dr. Frangois Boussu, Dr. Toufik Kanit, Dr. David Crépin, Prof. Abdellatif Imad

12055 - Why Impacted Yarns Break at Lower Speed than Classical Theory Predicts, Dr. James D. Walker, USA,; Dr. Sidney
Chocron

12067 - Unusual Transverse Compression Response of Non-Woven Ballistic Laminates, Dr. Brian R. Scott, USA

12108 - Protection of Light Armours Against Shaped Charge Projectiles, Prof. Adam Wisniewski, Poland

GENERAL SESSION CHAIRED BY KLAUS THOMA & JACK PINCAY

12095 - AMRDEC Lethality Modeling and Simulation Methodologies for Aerial Targets, Mrs. Dedra C. Moore, USA; Mr.
Dustin Clark, Mr. Brent Deerman

11730 - Development of Blast Enhanced Explosive for an Anti-Structure Warhead, Mr. Hendrik Lips, Germany

11865 - Measurement of Blast Reflected Overpressure at Small Charge Standoff with Tourmaline-Based Piezoelectric
Transducers, Dr. Roger L. Veldman, USA; Dr. Mark W. Nansteel, Dr. Charles Chen

Dr. Manfred Held Memorial Presentation

Presentation of Awards

Presentation of the 27th International Symposium on Ballistics Freiburg, Germany

Hypervelocity Impact Symposium 2012
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GENERAL INFORMATTION /il

26™ INTERNATIONAL SYMPOSIUM ON BALLISTICS
SEPTEMBER 12-16,2011 » MIAMI, FLORIDA, USA

The International Symposium on Ballistics is an opportunity for ballistics
scientists, engineers, and others to report, share, and discuss current research and
advances in ballistics and visions of the future. The International Symposium on
Ballistics is jointly organized and supported by the International Ballistics Society
(IBS), in conjunction with the National Defense Industrial Association (NDIA),
Atlington, Virginia, USA.

PAPER SELECTION COMMITTEE

Mr. Richard Ames, USA Dr. Manfred Held, Germany
Mr. Joseph Backofen, USA Dr. Eitan Hirsch, Isreal

Dr. Dennis Baum, USA Ms. Melissa Hobbs, USA
Dr. Stephan Bless, USA Dr. Bo Janzon, Sweden

Dr. Ronald Brown, USA Dr. Kenneth Kuo, USA

Dr. Donald Carlucci, USA Dr. Eva Liden, Sweden

Dr. James Cazamias, USA Dr. Paul Locking, UK

Mr. Pierre Chanteret, France Dr. Mier Mayseless, Isreal
Dr. Sidney Chocron, USA Dr. Michael Murphy, USA
Dr. Ian Cullis, UK Dr. Brad Pedersen, USA

Dr. William Flis, USA Mr. Jack Riegel, USA

Dr. Francisco Galvez, Spain Dr. Tony Russell, USA

Dr. Marc Girard, France Dr. AdamWisniewski, Poland
Dr. Markus Graswald, Germany Dr. Clive Woodley, UK

INTERNATIONAL BALLISTICS SOCIETY BOARD OF DIRECTORS
Mr. John (Jack) P. Riegel, 111, USA Dr. Bo Janzon, Sweden

President Dr. Ian Cullis, UK

Dr. Sidney Chocron, USA Prof. Zhongyuan Wang, China
Secretary Dr. Meir Mayseless, Israel

Dr. Dennis Baum, USA Dr. Michael Murphy, USA
Treasurer

SYMPOSIUM LEADERSHIP

Symposium Chairmen NDIA Symposium Planning Team

Dr. Ernest Baker, U.S. Army ARDEC Mr. Sam Campagna, Assistant Vice
Dr. Doug Templeton, U.S. Army TARDEC  President, Operations

Ms. Kari King, CMP, Associate Director
NDIA Ballistics Division Chairman Ms. Kelly Seymour, Exhibits Manager

Dr. Richard Ames, Raytheon Missile
Systems

PREVIOUS INTERNATIONAL
SYMPOSIA ON BALLISTICS

vV vV vV vV vV vV vV vV vV vV vV vV vV vV vV VvV vV vV vV vV vV vV Vv Vv v

Orlando, Florida, USA
Daytona, Florida, USA
Karlsruhe, Germany
Monterey, California, USA
Toulouse, France

Orlando, Florida, USA

The Hague, The Netherlands
Orlando, Florida, USA
Shrivenham, UK

SanDiego, California, USA
Brussels, Belgium

San Antonio, Texas, USA
Stockholm, Sweden

Quebec City, Canada
Jerusalem, Israel

San Francisco, California, USA
Midrand, South Africa

San Antonio, Texas, USA
Interlaken, Switzerland
Orlando, Florida, USA
Adelaide, South Australia
Vancouver, BC, Canada
Tarragona, Spain

New Orleans, Louisiana, USA
Beijing, China

FUTURE INTERNATIONAL
SYMPOSIA ON BALLISTICS

>

>

Freiburg, Germany
Atlanta, Georgia, USA

1974
1976
1977
1978
1980
1981
1983
1984
1986
1987
1989
1990
1992
1993
1995
1996
1998
1999
2001
2002
2004
2005
2007
2008
2010

2013
2014
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AUTHORS & PRESENTERS
FROM 30 COUNTRIES

>
>
>
>
>

Australia
Belgium
Canada
China
Colombia
Czech Republic
Egypt
Finland
France
Germany
Greece
India

Israel

Italy

Japan
Malaysia
Mexico

The Netherlands
Norway
Poland
Russia
South Africa
South Korea

Spain

Sweden

Thailand

Turkey

Ukraine

United Kingdom
USA

AGENDA

MONDAY, SEPTEMBER 12, 2011

8:00 AM - 7:00 PM
9:00 AM - 4:30 PM

Registration Open - Lobby Level

Tutorial Sessions - Brickell Room
*Additional Registration Fees Apply

AM Tutorial Session

9:00 AM: Warhead Mechanism
1.1 Blast Charges
1.2 Shaped Charges
1.3 Flat Cone Charges

10:45 AM: Coffee Break in Foyer

11:00 AM: Warhead Mechanism Continued
1.4 EFP Charges
1.5 Fragment Charges (Anti-AC/Anti-TBM)

12: 15 PM: Lunch for AM & PM Tutorial Attendees

PM Tutorial Session

1:30 PM: Overview on Armour for MBTs and APCs
2.1 RHA
2.2 Ceramics

2.3 Glass
3:00 PM: Coftee Break in Foyer

3:15 PM: Overview on Armour for MBTs and APCs Continued
2.4 Composites
2.5 ERA
2.6 NERA or Bulging
2.7 Active Defence Concepts

10:00 AM - 4:00 PM Exhibitor Move-In & Poster Set-Up -

Riverfront Hall
Exhibit Hall Open - Riverfront Hall

Opening Reception in Exhibit Hall -
Riverfront Hall

5:00 PM
5:00 PM - 7:00 PM
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TUESDAY, SEPTEMBER 13, 2011

7:00 AM - 5:20 PM
7:00 AM - 8:00 AM
8:00 AM - 8:10 AM
8:10 AM - 8:45 AM

8:45 AM - 9:30 AM

9:30 AM - 9:50 AM

9:50 AM - 5:20 PM
9:50 AM - 10:10 AM
10:10 AM - 11:50 AM

10:10 AM - 10:30 AM

10:30 AM - 10:50 AM

10:50 AM - 11:10 AM

11:10 AM - 11:30 AM

11:30 AM - 11:50 AM

11:50 AM - 1:20 PM

1:20 PM - 3:20 PM

1:20 PM - 3:20 PM

1:20 PM - 1:40 PM

1:40 PM - 2:00 PM

2:00 PM - 2:20 PM

Registration Open - Lobby Level
Continental Breakfast - Ashe Auditorium Foyer
Welcome & Administrative Remarks - Ashe Auditorium

Update on the International Ballistics Society
Mr. Jack Riegel, President, International Ballistics Society; President, R3 Technology, Inc.

Keynote Address: An Overview of Analyzing Firearm, Tool Mark and Impression
Evidence at the Miami-Dade Police Department
Mr. Gabriel A. Hernandez, Criminalist Supervisor, Miami-Dade Police Department

Invited Presentation: Effectiveness of Explosive Reactive Armour
Dr. Meir Mayseless, Israel

Exhibit Hall Open - Riverfront Hall
Break in Exhibit Hall - Riverfront Hall

General Session
Chaired by Zhongyuan Wang & Gordon Johnson

11826 - Analyzing Lubrication’s Contribution to Cartridge Case Failure
My. Mark Minisi, USA

11946 - Reinforced Dense High-Explosive Fills for Gun Launch
Myr. Michael Minnicino, USA

11892 - Modeling of Fabric Impact with High-Speed Imaging and Nickel-Chromium
Wires Validation
Dr. Sidney Chocron, USA; Mr. Trenton Kirchdoerfer, Ms. Nikki King, Dr. Christopher Freitas

11981 - Pressure Effects in an Enclosed Volume Due to EFP Impact
Mr. Jo Hagness Kiran, Norway

11993 - Numerical Analysis of the Initiation of High Explosives by Interacting Shock
Waves Due to Multiple Fragment Impact
Dr. Andreas Heine, Germany; Mr. Martin Lueck, Dr. Matthias Wickert

Lunch - Regency Ballroom

Terminal Ballistics & Impact Physics Poster Session - Riverfront Hall - See pg. 10
Chaired by Tim Holmquist & Pieter Nel

Exterior Ballistics - Ashe Auditorium
Chaired by Marc Giraud & Ed Schmidt

11803 - Preliminary Testing of a 2-Fin Flechette
My. Ilmars Celmins, USA; Mr. Gregory S. Oberlin

11835 - Numerical Investigation of Lateral Jet Interaction on a Fin-Stabilized
Projectile

Dr. James DeSpirito, USA

11894 - Predicting the Dynamic Stability of Small-Caliber Ammunition
Dr. Sidra L. Silton, USA; Mr. Bradley E. Howell
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2:20 PM - 2:40 PM

2:40 PM - 3:00 PM

3:00 PM - 3:20 PM

3:20 PM - 3:40 PM

3:40 PM - 5:20 PM

3:40 PM - 5:20 PM

3:40 PM - 4:00 PM

4:00 PM - 4:20 PM

4:20 PM - 4:40 PM

4:40 PM - 5:00 PM

5:00 PM - 5:20 PM

11957 - An Automated Visual Scoring Algorithm for Assessing Gunfire Accuracy
Dr. Chris Weiland, USA; M. John E Busic, Dr. Jon ]. Yagla

11996 - Free-Flight Motion Analysis Based on Shock-Tunnel Experiments
My. Pierre Wey, France; Dr. Friedrich Seiler, Dr. Julio Srulijes, Mrs. Myriam Bastide, Mr.
Bastien Martinez

12015 - Extended Range of 155mm Projectile Using an Improvised Base Bleed Unit:
Simulations and Evaluation
Dr. Ing Nils Kubberud, Norway; Dr. Ing Ivar Oye

Break in Exhibit Hall - Riverfront Hall

Exterior Ballistics Poster Session - Riverfront Hall - See pg. 11
Chaired by Stephan Bless & Paul Weinacht

Terminal Ballistics & Impact Physics - Ashe Auditorium
Chaired by Mathias Wickert & Charlie Anderson

11487 - Development of a Novel Ceramic Armor System: Analysis and Test
Dr. David L. Hunn, USA; Dr. Sang J. Lee

11921 - Penetration Resistance of Porous (Damaged) Glass in Impact Velocities
Interval From 300 m/s up to 1000 m/s

Mp. Valeriy V. Kartuzov, Ukraine; Boris A. Galanov, Sergei M. Ivanov, Yegor V. Kartuzov,
Douglas W. Templeton, Stephan Bless

11925 - Scaled Impact Experiments into Borosilicate Glass
Dr. Charles E. Anderson, Jr., USA; Mr. Carl E. Weiss, Dr. Sidney Chocron

12012 - Interface Defeat of Long Rods Impacting Oblique Silicon Carbide
My. Thilo Behner, Germany; Dr. Charles Anderson, Mr. Timothy Holmquist, Dr. Matthias
Wickert, Dr. Doug Templeton

12030 - Visualization and Analysis of Impact Damage in Sapphire
M. Elmar Strassburger, Germany; Dr. James W. McCauley, Dr. Parimal Patel

WEDNESDAY, SEPTEMBER 14, 2011

7:00 AM - 2:10 PM
7:00 AM - 8:00 AM
8:00 AM - 2:10 PM
8:00 AM - 8:10 AM
8:10 AM - 9:50 AM

8:10 AM - 9:50 AM

8:10 AM - 8:30 AM

8:30 AM - 8:50 AM

Registration Open - Lobby Level

Continental Breakfast - Ashe Auditorium Foyer
Exhibit Hall Open - Riverfront Hall
Administrative Remarks - Ashe Auditorium

Interior Ballistics Poster Session - Riverfront Hall - See pg. 11
Chaired by Carlton Adam & Thelma Manning

Explosion Mechanics - Ashe Auditorium
Chaired by Andreas Helte & David Lambert

11755 - Perforator with Energetic Liner
Mpr. David Davison, USA; Mr. Dan Prart

11778 - Is Higher Detonation Velocity Needed for Shaped-Charges?
Dr. Meir Mayseless, Israel; Eitan Hirsch, Bill W. Harvey, J.E. Backofen
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"""" BSOAM-g10AM
9:10 AM - 9:30 AM
9:30 AM - 9:50 AM

9:50 AM - 10:10 AM
10:10 AM - 11:50 AM

10:10 AM - 11:50 AM

10:10 AM - 10:30 AM

10:30 AM - 10:50 AM

10:50 AM - 11:10 AM

11:10 AM - 11:30 AM

11:30 AM - 11:50 AM

11:50 AM - 1:10 PM
1:10 PM - 2:10 PM

1:10 PM - 2:10 PM

1:10 PM - 1:30 PM

1:30 PM - 1:50 PM

1:50 PM - 2:10 PM

2:30 PM - 7:00 PM

12056 - Glass as a Shaped Charge Liner Material
Dr. Ernest Baker, USA; Mr. Arthur Daniels, Mr. Tan Vuong, Mr. James Pham, S. DeFisher

12019 - A Novel Technology for Switchable Modes Warheads
Dr. Werner A. Arnold, Germany, M. Graswald, E. Rottenkolber

11897 - The Potential of FOX-7 in Insensitive Munition Design
Dr. Ian G. Cullis, UK; M. Richard Townsley

Break in Exhibit Hall - Riverfront Hall

Launch Dynamics Poster Session - Riverfront Hall - See pg. 12
Chaired by Nicholas Payne & Francisco Galvez

Terminal Ballistics & Impact Physics - Ashe Auditorium
Chaired by Danny Yaziv & William Gooch

11887 - The Erosion Threshold for High Velocity Geo-Penetrators
Dr. Norbert Heider, Germany; Mr. Manfred Salk

11917 - Effects of EFP Solidity in Terminal Ballistics
Myr. Ho Soo Kim, South Korea; Dr. Werner Arnold, Dr. Thomas Hartmann, My. Ernst
Rottenkolber, Dr. Andreas Klavzar

12008 - Effects of Lateral Edges Toward Penetration Depths
My. Andreas Heine, Germany; Mr. Richard Cunrath, Mr. Hideaki Kobayashi, Mr.
Matthias Wickert

12025 - An Experimental and Numerical Study of Ballistic Impacts on a Turbine
Casing Material at Varying Temperatures

Dr. Francisco Gilvez, Spain; Mr. Borja Erice, Dr. David Cenddn, Dr. Vicente Sdnchez-
Gilvez, Dr. Tore Borvik

12048 - The Penetration Process of Jets and Long Rods in Water
Dr. Dan Yaziv, Israel; Meir Mayseless, Zvi Cooper, Yehiel Reifen, Eitan Hirsch

Lunch - Regency Ballroom

Vulnerability Poster Session - Riverfront Hall - See pg. 12
Chaired by Gilles Pageau & Maurice Gruadza

Interior Ballistics - Ashe Auditorium
Chaired by Clive Woodley & Jonathan Jablonski

11495 - Modeling the Internal Ballistics of Lightweight Plastic Driving Band
Projectiles

Mpy. Clive R. Woodley, UK

11782 - Burning Behavior of Gun Propellants Under the Influence of Pressure
Oscillations — Theoretical Background and Simulation
Myr. Klaus-Achim Kratzsch, Germany

11940 - Multidimensional Interior Ballistics Modeling with Extensions to Igniter

Design and Operation
Dr. Michael Nusca, USA

Miami Intercoastal Waterway Cruise & Reception
Aboard the Lady Windridge Yacht; Resort casual attire suggested
*Yacht will depart from the Hyatt dock at 3 pm; please board at 2:30 pm*
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THURSDAY, SEPTEMBER 15, 2011
7:00 AM - 5:20 PM Registration Open - Lobby Level
7:00 AM - 8:00 AM Continental Breakfast - Ashe Auditorium Foyer
8:00 AM - 8:10 AM Administrative Remarks - Ashe Auditorium
8:10 AM - 9:50 AM Explosion Mechanics
Chaired by Markus Graswald & William Walters
8:10 AM - 8:30 AM 11770 - The Trouble with TNT Equivalence
Myr. Paul M. Locking, UK
8:30 AM - 8:50 AM 11926 - Effect of Set Up Parameters of Landmine Blast Over Transferred Energy to a

Rigid Body: Experimental and Computational Study
Dr. Juan P. Casas Rodriguez, Colombia; Jose A. Hoyos Uribe, Victor H. Bastidas Poveda

8:50 AM - 9:10 AM 12006 - Experimental Studies of Scalable Effects Warhead Technologies

Dr. Markus Graswald, Germany; Dr. Werner Arnold

9:10 AM - 9:30 AM 11948 - Results and Analysis from Mine Impulse Experiments Using Stereo-Digital

Image Correlation

M. Craig Barker, USA; Douglas Howle, Terry Holdren, Jeffrey Koch, Raquel Ciappi
9:30 AM - 9:50 AM 12036 - An Investigation of Aerosolization and Associated Phenomena Resulting

from the Detonation of Explosives

Mpy. Luke S. Lebel, Canada; Mr. Patrick Broussean, Dr. Lorne Evhardt, Dr. William S.

Andyrews
9:50 AM - 3:40 PM Exhibit Hall Open - Riverfront Hall
9:50 AM - 10:10 AM Break in Exhibit Hall - Riverfront Hall
10:10 AM - 11:50 AM Terminal Ballistics & Impact Physics Poster Session - Riverfront Hall - See pg. 13

Chaired by Ewa Lidén & Dennis Nandiall

10:10 AM - 11:50 AM Launch Dynamics - Ashe Auditorium
Chaired by Nicholas Bruno & Don Carlucci

10:10 AM - 10:30 AM 11764 - Inclusion of Rifling and Variable Centerline in Gun Tubes for Enhanced

Modeling of Launch Dynamics

My. Charles Eichhorst, USA; Dr. William H. Drysdale, Mr. Michael Minnicino, Mr.

David A. Hopkins

10:30 AM - 10:50 AM 11937 - 5.56mm M855 Accuracy and Jump Measurements
My. Ilmars Celmins, USA

10:50 AM - 11:10 AM 12029 - Modeling of the Dynamics of a 40 mm Gun and Ammunition System
During Firing

M. Nicolas Eches, France; Mr. Didier Cosson, Mr. Quentin Lambert, Mr. André Langlet
11:10 AM - 11:30 AM 12062 - Characterization of a Potting Material for Gun Launch

Dr. Aisha Haynes, USA; Dr. Jennifer Cordes

11:30 AM - 11:50 AM 12063 - Gun Launch Dynamics of Pyrotechnic Materials
Dr. Aisha Haynes, USA; Mr. Justin John, Mr. Anthony Sherwood

11:50 AM - 1:20 PM Lunch - Regency Ballroom
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1:20 PM - 3:20 PM

1:20 PM - 3:20 PM

1:20 PM - 1:40 PM

1:40 PM - 2:00 PM

2:00 PM - 2:20 PM

2:20 PM - 2:40 PM

2:40 PM - 3:00 PM

3:00 PM - 3:20 PM

3:20 PM - 3:40 PM

3:40 PM - 6:30 PM
3:40 PM - 5:20 PM

3:40 PM - 4:00 PM

4:00 PM - 4:20 PM

4:20 PM - 4:40 PM

4:40 PM - 5:00 PM

5:00 PM - 5:20 PM

6:30 PM - 10:00 PM

Explosion Mechanics Poster Session - Riverfront Hall
Chaired by Frederik Mostert & Stan DeFisher

Interior Ballistics - Ashe Auditorium
Chaired by Paul Locking & Michael Nusca

11956 - Detailed Ballistic Performance Characterization of 120-mm Mortar System
with Different Flash Tube Configurations
Dr. Kenneth Kuo, USA; Dr. Eric Boyer, Mr. Heath T. Martin

11441 - The Numerical Optimization of the Novel Kinetic Energy Penetrator for
Tank Guns
Dr. Mariusz Magier, Poland

12024 - A Numerical Tool for Evaluating Solid Propellants Ignition Models

M. Christophe Boulnois, France; Dr. Camille Strozzi, Dr. Amar Bouchama, Pr.
Philippe Gillard

11494 - Modeling the Effects of Non-Gaseous Igniter Combustion Products on the

Ignition of Gun Propellants
M. Clive R. Woodley, UK

11945 - Modeling Explosive Cladding of Metallic Liners to Gun Tubes
My. Jack M. Pincay, USA; Dr. Ernest L. Baker, Mr. David G. Pfau

12080 - Finite Element Modeling of Primer Impact to Understand the Dynamics of
Misfires
Mpr. Mark D. Lee, USA

Break in Exhibit Hall - Riverfront Hall
Exhibit Hall Closed; Exhibitor Move-Out & Poster Dismantle

Vulnerability - Ashe Auditorium
Chaired by Philip Cunniff & Ho Soo Kim

11886 - Experimental Methodology Using Digital Image Correlation to Assess
Ballistic Helmet Blunt Trauma
My. James C. Gurganus, USA; Dr. Dixie Hisley, Mr. Andrew Drysdale

11794 - Survivability Evaluation of Blast Mitigation Seats for Armored Vehicles
Dr. Ming Cheng, Canada; Mr. Doug Bueley, Dr. Jean-Philippe Dionne, Dr. Aris Makris

11991 - Attenuation of a Blast Wave Through Cranial Bone
Dr. Amy C. Courtney, USA; Dr. Michael W. Courtney

12040 - DESCENT Modeling in Rotorcraft Vulnerability Assessment
Myr. Andrew W. Drysdale, USA; Dr. Matthew Floros

12065 - Ammunition and Weapon Effects in Confined Operational Urban Theatre in
the Vicinity of Own Troops
My. Theo Verhagen, The Netherlands; Mr. Martin v.d. Voorde

Symposium Banquet - Hyatt Riverwalk
Dinner and dancing under the Florida night sky; Business/cocktail attire suggested
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_____________________________________________________________________________ AGENDA
FRIDAY, SEPTEMBER 16, 2011
7:00 AM - 12:15 PM Registration Open - Lobby Level
7:00 AM - 8:00 AM Continental Breakfast - Ashe Auditorium Foyer
8:00 AM - 10:00 AM Terminal Ballistics & Impact Physics - Ashe Auditorium
Chaired by James Walker & Pierre Chanteret
8:00 AM - 8:20 AM 11776 - Penetration of Rigid Rods into Sand
Dr. Stephan Bless, USA; W. Cooper, K. Wantawabi
8:20 AM - 8:40 AM 11997 - Blast Response Analysis of Reinforced Concrete Slabs: Experimental

Procedure and Numerical Simulation
Myr. Gustavo Morales-Alonso, Spain; Dr. David A. Cendén, Dr. Francisco Gilvez, Mr.
Borja Erice, Prof- Dr. Vicente Sinchez-Gilvez

8:40 AM - 9:00 AM 12035 - Effect of Frictions on the Ballistic Performance of a 3D Warp Interlock
Fabric: Numerical Analysis
My. Cuong Ha-Minh, France; Dr. Frangois Boussu, Dr. Toufik Kanit, Dr. David Crépin,

Prof. Abdellatif Imad

9:00 AM - 9:20 AM 12055 - Why Impacted Yarns Break at Lower Speed than Classical Theory Predicts
Dr. James D. Walker, USA; Dr. Sidney Chocron

9:20 AM - 9:40 AM 12067 - Unusual Transverse Compression Response of Non-Woven Ballistic
Laminates
Dr. Brian R. Scott, USA

9:40 AM - 10:00 AM 12108 - Protection of Light Armours Against Shaped Charge Projectiles
Prof. Adam Wisniewski, Poland

10:00 AM - 10:10 AM Break - Ashe Auditorium Foyer

10:10 AM - 11:30 AM General Session
Chaired by Klaus Thoma & Jack Pincay

10:10 AM - 10:30 AM 12095 - AMRDEC Lethality Modeling and Simulation Methodologies for Aerial
Targets
Mprs. Dedra C. Moore, USA; Mr. Dustin Clark, My. Brent Deerman

10:30 AM - 10:50 AM 11730 - Development of Blast Enhanced Explosive for an Anti-Structure Warhead
Myr. Hendrik Lips, Germany

10:50 AM - 11:10 AM 11865 - Measurement of Blast Reflected Overpressure at Small Charge Standoff with

Tourmaline-Based Piezoelectric Transducers

Dr. Roger L. Veldman, USA; Dr. Mark W. Nansteel, Dr. Charles Chen

11:10 AM - 11:30 AM Dr. Manfred Held Memorial Presentation
11:30 AM - 12:00 PM Presentation of Awards
12:00 PM - 12:15 PM Presentation of the 27" International Symposium on Ballistics

Freiburg, Germany
12:15 PM Symposium Adjourned
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POSTER SESSIONS & EXHIBITS

TERMINAL BALLISTICS & IMPACT PHYSICS
POSTER SESSION
TUESDAY 1:20 PM - 3:20 PM

11441 - The Numerical Optimization of
the Novel Kinetic Energy Penetrator for
Tank Guns

Dr. Mariusz Magier, Poland

11444 - Estimation of Yield Stress in
Tungsten Rods at High Strain-Rates by
Taylor’s Impact Technique

Dr. Mariusz Magier, Poland; Mr. Rafal Bazela, Mr.
Edward Wiodarczyk, Mr. Jacek Janiszewski, Mr.
Wojciech Koperski

11480 - Ballistic Analysis of New
Military Grade Magnesium Alloys for
Armor Applications

Mr. Tyrone L. Jones, USA; Dr. Katsuyoshi Kondoh

11484 - Study on Penetration
Resistance of Tubular Spaced Armor
by Jet

Mr. HeQuan Cao, China; XiaoNing Zhao, XianFeng
Zhang, JianBo Wang, SuJie Sun

11490 - A Computational Constitutive
Model for Glass Subjected to Large
Strains, High Strain Rates, and High
Pressures

Mr. Timothy J. Holmaquist, USA; Dr. Gordon R.
Johnson

11527 - A Model of Compressible Jet
Penetration

Dr. William J. Flis, USA

11585 - Sensitivity of Johnson-Cook
Constitutive Model Parameters in
Modeling Penetration of Rolled
Homogeneous Armor Steel Targets by
Tungsten Rods

Mr. Stephen Schraml, USA

11669 - Mass-Flux Model for Non
Metallic Reactive Armor

Dr. Meir Mayseless, Israel; Stefano Bianchi, Zachi
Katzir, Sergi Chanukaev

11706 - Experimental and Theoretical
Study of Interaction Process Between
Projectiles Containing Fluoropolymer
and Titanium and Aluminum-Based
Targets

D.Sc. Eugene A. Khmelnikov, Russia; Alexey V. Styroy,
D.Sc. Valery L. Rudenko, Viadimir I. Falaleev, Artyom
V. Klimenko

11727 - PELE at Hypervelocity
Dr. Stephan J. Bless, USA; Mr. Bradley A. Pedersen

11728 - Effectiveness of Whipple
Shields with Backplate Compared to
Homogeneous Mild Steel Alone Against
EFP Threats

Dr. Amer Hameed, UK; Mr. Ghulam Hussain, Dr. A.Q.
Malik, Peter Barton

11750 - Lethality Analysis Based on
a Fragmentation Model for Naturally
Fragmenting Shells

Dr. Adam T. Zagorecki, UK; Dr. Amer Hameed, Mr.
Anoop Shukla

11753 - Development of Brick and
Mortar Material Parameters for
Numerical Simulations Using the
Holmquist-Johnson-Cook Constitutive
Model for Concrete

Mr. Christopher S. Meyer, USA

11754 - Theoretical Analysis on the
Interface Defeat of a Conical-Nosed
Long Rod Penetration

Mr. Jicheng Li, China; Xiaowei Chen, F. Ning

11768 - Deceleration Analysis on
Penetration Projectile Considering Mass
Loss

Prof. Xiaowei Chen, China; L.L. He

11817 - Experimental and
Computational Study on High Velocity
Fragment Impacts

Mr. Fabien Rondot, France; Mr. Julien Nussbaum

11843 - Numerical Study on Kinetic
Energy Projectile Penetrating Multilayer
Medium Target

Mr. Jian Feng Lou, China; Mr. Zheng Wang, Mr.
Fengguo Zhang, Mr. Longhe Liang

11850 - Supersonic Penetration by Jet
into Concrete: Research of Shaped
Charge for Creating Large Cavity
Diameter

Mr. Xiao Qianggiang, China; Huang Zhengxiang, Zu
Xudong, Han Dong-mei

11857 - Time Resolved Engineering
Metal Penetration Models

Mr. Geert Roebroeks, The Netherlands; Mrs. Elena
Abadjieva, Mr. Erk Carton

11864 - Ballistic Performance and
Failure Mode of High Performance
2139-T8 and 7449-T6 Aluminium Alloys

Dr. Cedric Gasqueres, France; Dr. Julien Nussbaum

11866 - Transverse Impact Response of
a Linear Elastic Ballistic Fiber Yarn

Mr. Bo Song, USA; Mr. Hwun Park, Mr. Wei-Yang Lu,
Mr. Weinong Chen

11873 - Properties of Cross-

Plied Unidirectional Aramid Fiber
Laminates for a New Detailed Military
Specification: MIL-DTL-32378

Dr. James Singletary, USA; Dr. Brian Scott, M.
Richard Squillacioti, Dr. Karl Chang

11874 - The Dynamic Response of
Kevlar and Float Glass Panels to Blast
Loading

Mr. 1zak Marius Snyman, South Africa; Mr. Frederik
Mostert

11876 - Fiber Interfacial Surface
Energetics for Controlled Adhesion

Dr. Jeffrey A. Chambers, USA; Ms. Rachel L. McSwain

11879 - The Role of the Wave
Impedance of the Sandwich Material in
the Composite Armor Against Shaped
Charge Jet

Mr. Xu-Dong Zu, China; Zheng-xiang Huang, Qiang-
giang Xiao, Xin Jia

11880 - An Experimental Technique to
Characterise the Dynamic Response of
Materials, or Material Combinations, to
Explosive Blast

Mr. Frederik Mostert, South Africa; Izak Snyman,
Marius Olivier

11888 - The Mechanisms of Damage In
Ballistic Fibers

Mr. Walter G. McDonough, USA; Dr. Gale A. Holmes,
Mr. Kirk Rice, Ms. Amanda Forster, Dr. Haruki
Kobayashi, Jae Hyun Kim

11889 - Ballistic Evaluation of
Aluminum 7085-T7EO01 and T7E02

Mr. Denver B. Gallardy, USA

11891 - Sporicidal Effects of lodine-
Oxide Thermite Reaction Products

Dr. Stephan Bless, USA; Mr. Rod Russell, Ms.
Alexandra Blinkova, Ms, Tiffany Chen, M. Pantoya

11898 - 3D Flexible Hybrid Textile
Structures Against High Velocity Impact




Dr. Francois Boussu, France; Jerome Vilfayeau, Julien
Nussbaum

11905 - Experimental and Numerical
Study of Aluminum 6061-T6
Fragmentation Process at Very High
Strain Rates

Dr. Vitaly Leus, Israel; Mr. Yair Neumann, Dr. Eliahu Racah

11908 - Armoured Vehicle Response to
the Roadside Mine Threat

Mr. Stanislav Rolc, Czech Republic; Mr. Jaroslav
Buchar, Mr. Josef Kratky, Mr. Jan Krestan

11910 - Penetration Behaviour
Simulation of Shaped Charge Jets in
Water Filled Targets

Mr. Dev Raj Saroha, India; Mr. Davinder Kumar, Mr,
Yashpal Singh

11915 - A Model for Behind Armor
Debris from EFP Impact

Mr. Ho Soo Kim, South Korea; Dr. Werner Arnold,
Dr. Thomas Hartmann, Mr. Ernst Rottenkolber, Dr.
Andreas Klavzar

11920 - Modeling and Simulating the
Performance of Transparent Spinel
and the Effect of Defects on Dynamic
Response

Dr. Costas G. Fountzoulas, USA; Dr. James M. Sands

11924 - Eulerian vs. Lagrangian
Methods in the Finite Element Analysis
of Small Caliber Thick Plate Penetration
Events

Mr. Raymond Chaplin, USA

EXTERIOR BALLISTICS POSTER SESSION
TUESDAY 3:40 PM - 5:20 PM

11672 - A Computational Approach to
the Determination of Tank Munitions
Safety Zones

Aron Pila, Israel; Vadim Kogan, David Touati, S. Peles

11757 - The Effect of a Variable
Crosswind on Flat-Fire Trajectories —
A Unique Measuring Technique and
Compensation Methodology

Mr. Yoav Gur, Israel; Mr. Eugene Adamovski, Mr.
Michael Gringauz

11783 - Multi-Core Computing Cluster
for Monte-Carlo Analysis of GN&C
Systems for Projectiles

Dr. Mark D. llg, USA

11845 - GPS-Based High Dynamic
Projectile Flight Ballistic Real-Time
Measurement Techniques

Dr. Yanning Gui, China; Prof. Yan Yang, Huang Zheng,
Cheng Hongtao

11855 - Despin and Roll Attitude
Control of a 2D Guided Fuze Kit

Mr. Roelof du Plessis, South Africa; Dr. Gerrit Viljoen

11858 - Magnus Effect: Physical Origins
and Numerical Prediction

Dr. Roxan Cayzac, France; Eric Carette, Pascal Denis,
Philippe Guillen

11881 - In-Bore Yaw Effects on Lateral
Throwoff and Aerodynamic Jump
Behavior for Small Caliber Projectiles
Firing Sidewise From Air Vehicles

Dr. Hlias E. Panagiotopoulos, Greece; Dr. Dimitrios N.
Gkritzapis

11885 - Recent Improvements in
Ballistic Data Reduction: Data Fusion

Mr. John R. Burnett, Jr., USA; Mr. John Whyte, Mr.
Wayne H. Hathaway, Mr. Alan Hathaway, Mr. Mark
Steinhoff

11929 - Comparison of Prediction
Methods for Ricochet of a 30mm
Projectile

Mr. Stephen S. Recchia, USA; Mr. Ermesto Vazquez

11967 - Hypersonic Aerothermal
External Flow Field Depicted from
Immersed Boundary Technique

Dr. Frederic Plourde, France; Dr. Christophe Grignon,
Dr. Chi Cong Nguyen, Van Thuan Luu

11970 - Effects of Aerodynamic
Coefficient Uncertainties on Trajectory
Simulation of a Short-range Solid
Propellant Free Rocket

Mr. Weerawut Charubhan, Thailand; Mr. Pawat
Chusilp; Mr. Navapan Nutkumhang

11984 - Adjoint Analysis of Guided
Projectile Terminal Phase

Mr. Timo Sailaranta, Finland; Mr. Ari Siltavuori

12021 - Inverse Aerodynamic
Coefficients Identification of a Kinetic
Energy Projectile from Flight Data

Miss Hélene Demailly, France; Mr. Franck Delvare,
Mrs. Settie Heddadj, Mr. Christophe Grignon, Mr.
Patrice Bailly

12027 - A Method of Self-Adaptive
Container Opening Control for Rocket
Assisted Cargo Mortar Projectile

Mr. Li Dong-Guang, China; Mr. Yang Rui-Wei, M.
Yang Deng-Hong, Ms. Cui Xue-Jun
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12032 - A Study on the Aerodynamic
Characteristics for a Spin-Stabilized
Projectile with PGK

Dr. SangEon Je, South Korea; Mr. Hyunsung Jung,
Mr. Minsu Park, Prof. Tachwan Cho

12054 - Numerical Simulation and
Experimental Study of Flowfield Around
a Bullet with a Partial Core

Mr. Usiel Silva, Mexico; Dr. Juan M. Sandoval, Dr. Luis
A. Flores, Dr. Narcizo Mufioz, Victor Hernandez

12077 - The Establishment of Threshold
Criteria for Automated Acceptance Test
Equipment Based on Battlefield Use of
Tracer Ammunition

Ms. Stefana Reilly, USA; Mr. Rob Allen

INTERIOR BALLISTICS POSTER SESSION
WEDNESDAY 8:10 AM - 9:50 AM

11633 - Quasi-Dimensional Interior
Ballistic Model and Numerical Simulation
of Combustion Light Gas Gun

Mr. Ning Liu, China; Mr. Xiang-yan Zhang

11748 - Experimental and Numerical
Investigations on Traveling Charge Gun
Using Liquid Fuels

Mr. Xin Lu, China; Mr. Yanhuang Zhou, Mr. Yonggang Yu

11795 - Study of Bulk-Loaded Liquid
Propellant Combustion Propulsion
Processes with Stepped-wall
Combustion Chamber

Prof. Yong-gang Yu, China; Miss Xue-xia Chang, Miss
Na Zhao, Miss Shan-shan Mang, Yanhuang ZHOU

11798 - Improved One-Dimensional
Unsteady Modeling of Thermally
Choked Ram Accelerator in Sub-
Detonative Velocity Regime

Dr. Yufeng Yao, UK; Dr. Tarek Bengherbia, Prof. Pascal
Bauer, Dr. Marc Giraud, Dr. Carl Knowlen

11806 - Ballistic Diagnostic
Methodologies for Gun Propulsion: An
Overview

Dr. Lang M. Chang, USA

11812 - Ram Accelerator — State of the
Art

Prof. Pascal A. Bauer, France; Dr. Carl Knowlen, Dr.
Marc Giraud, Dr. Yufeng Yao, Dr. Tarek Bengherbia

11853 - Research on Burning
Characteristics of Microfoam
Propellants

Prof. Fu-ming Xu, China; San-Jiu Ying, Xi-ru Chen
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11868 - Primer Force and Chamber
Pressure Measurements at 5.56 mm
Caliber

Dr. Richard A. Beyer, USA; Mr. Joseph W. Colburn

11878 - Reduced Vulnerability BKNO,
Based Igniters for Gun Systems

Mr. Eugene Rozumov, USA; Dr. Thelma G. Manning, Dr.
Joseph M. Laquidara, Duncan Park, Kimberly Chung,
John O'Reilly, Jeffrey Wyckoff, David Thompson, Elbert
Caravaca, Carlton P. Adam, Viral Patel

11890 - The Influence of Propellant
Grain Shape, Size and Composition on
Solid Phase Motion and Heat Transfer
to the Gun Tube

Mr. Albert W. Horst, USA

11902 - Performance Analysis of
Interior Ballistics According to Solid
Propellant Positions in Chamber

Mr. Jinsung Jang, South Korea; Mr. Hyunggun Sung,
Prof. Taeseong Roh, Prof. Dongwhan Choi

11904 - Laboratory Stand for Scale Test
of Rocket Propelled Grenades Firing

Mr. Przemyslaw Kupidura, Poland; Mr. Zbigniew
Leciejewski, Mr. Zbigniew Surma, Mr. Radoslaw
Tribliski

11907 - On Similarity of Combustion
Conditions During Comparative Closed
Vessel Tests

Mr. Zbigniew Leciejewski, Poland; Mr. Zbigniew
Surma

11939 - Asymmetrical Muzzle Wear — A
Historical Perspective

Dr. Elaine M. Humiston, USA; Jeanne C. Brooks

11955 - Initial Temperature Effect on
M1020 Ignition Cartridge Behavior

Mr. Heath T. Martin, USA; Ryan W. Houim, Dr. Eric
Boyer, Prof. Kenneth K. Kuo

11961 - Explicit Finite Element Model
for Determining Influence of Cartridge
Case Material Properties on Small
Caliber Weapon Function

Mr. Daniel R. Gubernat, USA; C. Fischer

11974 - Simulation of Contamination
Prevention for Optical Window in Laser
Ignition Systems of Large-Caliber Guns

Dr. Xiaohing Zhang, China; Changjun Ma

11975 - Research for a Projectile
Positioning Structure for Stacked
Projectile Weapons

Dr. Xiaobing Zhang, China; Qiao Luo

11989 - Multi-Dimensional Two-Phase
Flow Modelling Applied to Interior
Ballistics

Dr. Julien Nussbaum, France; Philippe Helluy, Dr.
Jean-Marc Hérard, Dr. Barbara Baschung

11995 - Benefits of Two Dimensional
Internal Ballistics Modelling for Small
Calibre Cased Telescoped Ammunition

Dr. lain Robertson, UK: Dr. Martin P. Pocock, Mr, Clive
Woodley, Mr. Simon Georgi, Miss Rebecca Threlfall,
Mr. Chris Guyott

12031 - Investigation on Ignition and
Combustion Process in Granular Solid
Propellant Chamber

Dr. Hiroaki Miura, Japan; Prof. Akiko Matsuo, Dr.
Yuichi Nakamura

12039 - Internal Ballistics Simulation of
a NAWC Tactical SRM

Dr. Enrico Cavallini, Italy; Prof. Bernardo Favini, Prof
Maurizio Di Giacinto, Dr. Ferruccio Serraglia

12043 - Analyses of Fatigue Life
Estimate for a Pressure Tap in a 40mm
Gun Breech

Ms. Caitlin M. Weaver, USA; Dr. Jennifer A. Cordes, Mr.
Lyonel Reinhardt, Dr. Aisha S. Haynes, Paulo A. Rigg

12072 - Deterred Propellant
Optimization for Gun Systems

Mr. Carlton Adam, USA; Dr. Eugene Rozumov

12079 - Ballistic Performance of Steels
and Aluminums in FE Firing Simulations

Dr. Justin Mach, USA; Mr. Mark Lee

12084 - Interior Ballistics of Co-Layered
Gun Propellant

Dr. Thelma G. Manning, USA; Duncan Park, Kenneth
Klingaman, Michael Leadore, Dr. Barrie Homan, Dr.
Edmund Liu, Dr. James A. Luoma

LAUNCH DYNAMICS POSTER SESSION
WEDNESDAY 10:10 AM - 11:50 AM

11469 - Stress Relaxation of Composite
Gun Barrels with High Tensioned
Overwrap — Modeling

Dr. Jerome T. Tzeng, USA; Ryan Emerson

11481 - Measurement Principle of
Moment of Inertia for Turret

Mr. Baoyuan Wang, China; Xiao-jun Shao, Hui-min
Wu, Gang Heng, Fa-ming Zhou, Hua-sa Yu

11671 - Analysis of 1720mm Tank Gun
Failure Due to Bore Obstruction

Dr. David Touati, Israel; Irene Gelfeld, llan Azulay, Felix
Shub

11673 - Launch Dynamics of the
APAM-MP Round

Dr. David Touati, Israel; llan Azulay, Yoav Gur, Boris
Manilov

11827 - Simulation and Instrumentation
Used to Develop a Super-Caliber Fin
Set for a Precision Mortar

Mr. John A. Condon, USA; Brad Davis, Peter Muller,
Ben Topper

11941 - Failure Analysis of .50 Caliber
M20 API-T Bullet Burst

Mr. David W. Stubler, USA; Mr. Timothy A. Spears

11947 - Influence of Material Properties
on Sabot Performance

Mr. Michael Minnicino, USA

11972 - The Effect of Threaded Joints
on the Transmission of Vibrations
During Gun Launch

Mr. Lyonel Reinhardt, USA; Dr. Jennifer Cordes, R.
Terhune

12088 - Gun Launch Dynamics -
Benchmarking State of the Art

Dr. Donald E. Carlucci, USA; Dr. James F. Newill, Mr.
Rollie H. Dohrn, Jr.

VULNERABILITY POSTER SESSION
WEDNESDAY 1:10 PM - 2:10 PM
11485 - Blast Mitigation Seats for

Armored Platforms — Development and
Evaluation Methodology

Dr. Moshe Ravid, Israel; Nimi Shapira, Dr. Zvi Assaf,
Dr. Felix Aizik, Dmitry Narodizky, Mr. Hadar Raz, Mr.
Doobie Avraham

11675 - A Methodology to Predict
Personnel Injury from Reflective Spall

Mrs. Rebecca VanAmburg, USA

11724 - Ballistic Gelatine Behaviour
Under Quasi-Static and Dynamic
Loadings

Mr. L. Koene, The Netherlands: Mr. J.L.. Barou, Mr. P.
Viot

11751 - Fragment Analysis for the Joint
Trauma Analysis and Prevention of
Injury in Combat (JTAPIC) Program

Ms. Karen Pizzolat, USA

11836 - Vulnerability Model Validation
for Commercial Aircraft

Dr. Mark A. Fry, USA




11871 - An Automated Methodology for
Calculating Optimized Preset Fuze Time
Delay Function in Conjunction with the
AVAL Code

Dr. Gideon J.F. Smit, South Africa; Dr. Cornelis J.
Terblanche

11882 - Analysis of Existing Injury
Criteria in Order to Evaluate the Severity
of Thoracic Impact Injury

Mr. Nicolas Eches, France; Mr. André Langlet, Mr.
Julien Pavier, Mr. Jean-Frangois Jacquet, Mr. Roxan
Cayzac

11899 - The Impact of High Accuracy
Target Geometry in Modeling and
Simulation to Support Live Fire Test and
Evaluation

Mr. Scott N. Hornung, USA

11906 - A Comprehensive Approach to
Characterizing the Hazards of Explosive
Countermeasures with Respect to
Dismounted Troops

Ms. Patricia S. Frounfelker, USA; Mr. Stephen P.
Swann, Mr. Gregory K. Dietrich

11919 - MUVES 3 - Vulnerability/
Lethality Analysis Tool of the Future
Mrs. Elaine M. Hunt, USA; Mr. Mark Burdeshaw

11935 - Overview of MUVES 3 and the
MUVES 3 V/L Service

Mr. Ronald A. Bowers, USA

11952 - Utilizing Vehicle Response Data
from Under-Body Blast Tests

Mr. Brian Benesch, USA

11960 - WeaponFX Vulnerability and
Optimization Code for Fragmenting
Warheads

Mr. John Tartis, USA; Mr. Partick D. Buckley

11962 - Ballistic Vulnerability
Analysis of Ground Combat Vehicles,
Understanding the Process and Impact

Ms. April Siano, USA

11979 - Standardization of Skin
Penetration Assessment for Non-Lethal
Impact Projectiles

Dr. Alexandre Papy, Belgium; Mr. Cyril Robbe, Mr.
Nestor Nsiampa

11985 - Impact Measurements of
Different 40mm Non-Lethal Sponge
Grenades

Mr. Cyril Robbe, Belgium; Mr. Nestor Nsiampa, Dr.
Alexandre Papy

11987 - Numerical Simulation of Kinetic
Energy Non-Lethal Projectiles on
Human Thorax

Mr. Nestor Nsiampa, Belgium; Mr. Cyril Robbe, Dr.
Alexandre Papy

12018 - Rapid Assessment of the
Vulnerability of a Structure to Blast
Effects

Dr. Victoria E. Ingamells, UK; Dr. lan G. Cullis, Mr.
Michael Hamblin, Mr. Paul Morrissy

12037 - Numerical Modeling of Rocket
Warhead Detonation and Fragmentation

Dr. Joseph D. Baum, USA; Dr. Daniel G. Williams, Dr.
Orlando A. Soto, Dr. Fumiya Togashi, Prof. Rainald Lohner

12075 - Capability Improvements for
Modeling Fragment Impact in ALE3D

Dr. Lara D. Leininger, USA; Sarah Minkoff, Dr. Robert
Dorgan, Stanley DeFisher, Dr. Rose McCallen, H. K.
Springer

TERMINAL BALLISTICS & IMPACT PHYSICS
POSTER SESSION

THURSDAY 10:10 AM - 11:50 AM

11928 - Shock Impact Failure of
Polycrystalline Microstructures:
Modeling and Simulation

Dr. Martin O. Steinhauser, Germany

11930 - Rigid-body Concrete
Penetration and the Sectional
Momentum Effect

Mr. Garet Itz, USA: Mr. Darrel Bamette

11934 - Polymers as Potential Shaped
Charge Liner Materials

Dr. Michael R. Edwards, UK: Mr. Romello
Arulanandam, Mr. Stefan M. Hille

11943 - A Comparison of Penetration
Algorithms: Predictions vs. Test Data for
Kinetic Energy Rods

Mr. John R. Auten, USA

11950 - Investigation of Projectile
Trajectory in Multi-hit Scenarios and the
Influence of Damage Characteristics in
Glass-Ceramic Transparent Armor

Mr. Timothy G. Talladay, USA; Ms. Katherine T. Leighton,
Mr. John J. Carberry, Mr. Carsten Weinhold, Dr. Douglas
W. Templeton

11951 - Innovative Transparent Armor
Concepts

Mr. Erik Carton, The Netherlands; Mr. Hans Broos
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119583 - Detrimental Effects of
Flexible Linear Shaped Charge (FLSC)
to Nearby Plates Due to Varying
Backspace Distance

Mr. Cagin G. Bingol, Turkey; Dr. Raif O. Yildirim

11954 - Soft Recovery of Medium-
Caliber Projectiles

Dr. Stephen Ray, USA; Mr. Michael Hermanson

11963 - Experimental Investigation
on Dynamic Crack Propagating
Perpendicularly Through Interface in Glass

Mr. Hwun Park, USA; Dr. Weinong W. Chen

11966 - Light Metal-Ceramic Passive
Armour for Special Application

Mr. Bartliomiej Plonka, Poland; Dr. Juliusz Senderski,
Dr. Adam Wisniewski

11973 - Discontinuity in the Energy
Absorbed During Ballistic Impact in
Aluminum Targets

Mr. Eldad Shemer, Israel; A. Armon, Z. Bar

11976 - New Generation Maraging
Steel and High-Carbon Bainitic Steel for
Armours

Mr. Jaroslaw Marcisz, Poland; Mr. Wojciech Burian,
Bogdan Garbarz, Mariusz Adamczyk, Adam
Wisniewski

11978 - Numerical Investigation of
Formation of Steel Linered Shaped
Charge Jets

Mr. M. Sarper Yavuz, Turkey; Dr. R. Orhan Yildirim

11980 - A Concrete Tension Failure
Model Under Impact Loading

Dr. Wang Zheng, China; Dr. Lou Jianfeng, Dr. Liang
Longhe, Dr. Zhang Fengguo

11982 - The Effect of Temperature on
AEP 55 Vol. 2 Level 1 DM-31 Surrogate
Performance

Dr. Moshe Ravid, Israel; Mr. Nimi Shapira, Dr. Stanislav
Rolc, Mr. Ofer Medem, Dr. Felix Aizik, Dr. Josef Kratky,
Dr. Jan Krestan

11983 - Improving the Design
Capability for Fragment Protection

Dr. Nicholas J. Lynch, UK; Leslie Nyogeri, Philip Church

11986 - Experimental-Numerical Study
of Inclined Impact in Al7075-T7351
Targets by 0.3 AP Projectiles

Dr. Zvi Anosh Asa, Israel; Mr. Vadim Favorsky, Mr,
Asaf Borenstein, Mr. Amit Vizel, Dr. Felix Aizik, Dr.
Moshe Ravid, Mr. Nimi Shapira
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11990 - Influence of Impacting
Explosive Formed Projectiles on Long
Rod Projectiles

Mr. Stanislav Rolc, Czech Republic; Mr. Jaroslav
Buchar, Mr. Zbynek Akstein

11992 - Impact Test of Organic Radical
Secondary Battery

Dr. Motoyoshi Ozaki, Japan; Mr. Yusuke Aizawa, Mr.
Kensaku Tomura, Dr. Kaichiro Nakano, Dr. Shigeyuki
lwasa

11994 - Experimental Investigation
of the Penetration and Perforation of
Building Materials by Projectiles

Mr. Andreas Heine, Germany; Mr. Karl E. Weber, M.
Matthias Wickert

12000 - Optimum Design of
Magnesium-Based Multi-Layered
Hybrid Armor

Mr. Wonseok Tag, South Korea; Mr. Gunin Kim, Mr.
Jonggu Lee, Mr. Maenghyo Cho

12001 - The Effect of Surface
Conditions on Dynamic Crack
Propagation Through an Interface in
Glass

Mr. Hwun Park, USA; Dr. Weinong W. Chen

12010 - Critical Impact Velocity
of a Cemented Carbide Projectile
Penetrating a Water Target

Mr. Olof Andersson, Sweden; Dr. Patrik Lundberg, Dr.
Andreas Helte, Dr. Pernilla Magnusson

12011 - A Modified Johnson-Cook
Failure Model for Tungsten Carbide

Dr. John F. Moxnes, Norway; Mr. Jan Arild Teland, Mr.
Stian Skriudalen, Mr. Svein Morten Bergsrud

12013 - Fracture Mechanics of Long
Rod Projectiles Subjected to Oblique
Moving Plates

Dr. Ewa Lidén, Sweden; Dr. Andreas Helte

12016 - Volume Transfer Functions
for Aluminium Lined Shaped Charge
Penetration into Concrete

Dr. Cornelis Jean Terblanche, South Africa; Dr. Milton
Maritz

12028 - Modeling Kinetic Energy
Projectile Failure During Strucured
Armour Perforation

Mr. Nicolas Eches, France; Mr. Herve Couque

12033 - Deflecting and Rotating Rigid
Projectile Hitting Plate Edge

Dr. Meir Mayseless, Israel; Mr. Zvi Cooper, Mr. Yechiel
Reifen, Dr. Dan Yaziv

12050 - Damage Mechanisms in
Dynamically Loaded AISI 4130 Steel

Dr. Thomas A. Mason, USA; Jessica Stanfield, Dr.
Jamie B. Neidert

12051 - Non-Orthogonal Kevlar®
Fabric Architectures for Body Armor
Applications

Dr. Ronald G. Egres, USA; Dr. Leopoldo A. Carbajal,
Clifford. K. Deakyne

12052 - Evaluation of the Response of
Friction Stir Processed Panels Under
Ballistic Loading

Mr. Timothy Johnson, USA; Mr. Brandon Hinz, Dr.
Michael West, Dr. Marius Ellingsen, Dr. Christian
Widener, Bharat K. Jasthi, Karim H. Muci-Klichler

12053 - Simulation of Small
Ammunitions in Aviation Applications

Mr. Daniel John, Germany; Mr. Robert Bailey, Mr.
David Smyth, Mr. Frank Weidermann, Mr. Udo
Berthold, Christian Radtke

12086 - Balancing Ballistic and Back-
Face Deformation in Helmets: The Role
of Alternative Resins, Fibers, and Fiber
Architecture in Mass-Efficient Head
Protection

Dr. Lionel Vargas-Gonzales, USA; Dr. Shawn M.
Walsh, Dr. Brian R. Scott

12087 - Application of a Ductile
Damage Model to Ballistic Impact
Analyses

Mr. John Ryan, USA; Mr. Shawn Rhodes, Mr. Steven
Stawarz

12142 - Consequence of Selecting
Deep Drawing as a Performing
Technique in the Production of Combat
Helmets

Mr. Philip M. Cunniff, USA

12144 - Ballistic Testing of
Nanocrystalline Hybrid Plates

Dr. Francisco Galvez, Spain; Jaime Frontan Vicente,
Antoine Jérusalem, Yuming Zhang, Ming Dao, Jian Lu

12148 - Computational Hydrocode
Study of Target Damage Due to
Fragment-Blast Impact

Mr. Thomas J. Hatch-Aguilar, USA; Dr. Fady M. Najar,
Dr. Edwin W. Szymanski

EXPLOSION MECHANICS POSTER SESSION
THURSDAY 1:20 PM - 3:20 PM

11183 - Material Models for Tantalum —
A Validation Study for EFP Applications

Dr. Magnus Bergh, Sweden; Dr. Andreas Helte, Jonas
Lundgren

11462 - IM Testing and Initiation Trials
of the IMX-101 Explosive in the M795
Projectile

Mr. Anthony Di Stasio, USA; Charlie Patel, Ductri
Nauyen, Erik Wrobel

11491 - A Probe into the Applicability
of Shock Similarity Laws for Underwater
Explosion of Aluminiferous Explosive

Mr. Ji-bo Zhao, China; Mr. Duo-wang Tan, Mr. Yuan-
ping Zhang

11492 - The Effect of High Impact
Environment on the Fire Set of In-line Fuze

Zhu Hong-zhi, China; Yang Yong Hui, Ruan Zhaoyang

11767 - Research on the Deformation
Process of a Thin-Walled Metal Tube
Subjected to a Pulsed Magnetic
Dynamic Load

Mr. Ming Xia, China; Mr. Zhengxiang Huang, Mr.
Xiaohui Gu, Mr. Yezhong Wang, Mr. Xin Jia

11796 - The Analogue Simulation
Research About the Cloud Detonation
Wave’s Propagation Process of FAE
Warhead

Mr. Ri-sheng Hou, China; Mr. Shao-bo Cheng, Mr.
Hui Xie, Mr. Tie-min Xue

11901 - Correction of Gurney Equation

for Asymmetric Sandwich in Relation to
Linear EFP

Dr. Zbynek Akstein, Czech Republic; Mr. Ladislav
Riha, Assoc.Prof. Stanislav Rolc

11936 - Evaluation of Steel Reinforced
Fiber Cases for Army Applications

Dr. Thuvan Piehler, USA; Mr. Richard Benjamin

11938 - Characterization of Explosively
Formed Steel Fragments Using High
Speed Imaging

Mr. Richard Benjamin, USA; Dr. Thuvan Piehler, Dr.
Matthew Biss

11959 - Detailed Investigation into
the Scaling of Mine Blast Loading to
Armors and Vehicles

Mr. Scott A. Mullin, USA; Erick Sagebiel, James
Mathis, Joseph Bradley, Carl Weiss, PA. Cox
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11964 - An Experimental Study on an
Enhanced Focused Fragmentation
Warhead

Mr. Sun Chuanijie, China; Hu Yanhui, Lu Yonggang,
Feng Gaopeng, Yang Qi

11969 - Fragmentation of 155mm
Artillery Grenade, Simulations and
Experiment

Ms. Anne Kathrine Prytz, Norway; Gard (degérdstuen

120083 - Application of a Soil Model in
the Numerical Analysis of Landmine
Interaction with Protective Structures

12023 - Development of a Subsonic
Anti-Structure-Penetrator

Mr. Hendrik Lips, Germany; Mr. Rolf Rittel

12060 - Investigation of Acceleration
Behavior of Shaped Charge Liners

12106 - A Small Scale Unitary
Demolition Charge

Mr. Daniel Boeka, USA; Arthur S. Daniels, Neal Ouye,
Dan Suarez, Steve Hancock

12150 - Axisymmetic Finite Element

Mr. Eser Gurel, Turkey; Mr. Burak Tarkan Simulation of Shape Charges

12085 - Parallel Detonation Shock
Dynamics Algorithm for Insensitive
Munitions Using ALE3D

Mr. David Pfau, USA; Dr. Fady Najar, Dr. Jin Yao, Dr.
Brian McCandless, Dr. Albert Nichols [ll

Mr. Devon Downes, Canada; Dr. Manouchehr Ensan,
Dr. Amal Bouamoul, Dr. Yves Baillargeon

Mr. Michael Saleh, Australia; Prof. Lyndon Edwards EXHIBITORS
12004 - Lethality Assessment of High Arrow Tech Associates 507
Explosive (HE) Warhead with Preformed  “TOW TEC ASSOCIIIES covsvvssvrs vt
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AWARD INFORMATION

THE ROSALIND AND PEI CHI CHOU AWARD FORYOUNG AUTHORS
The young author of the paper must be 35 years of age or younger at the time of the

symposium. The paper may have multiple authors, however, the young author must
have made a major contribution to the paper. The young author must be registered
at the symposium and must give the oral presentation or the poster presentation to

be eligible for the Award.

THE LOUIS & EDITH ZERNOW AWARD

This award is given by Louis and Edith Zernow to the author of the paper with the
most significant contribution to the advancement of “fundamental understanding”
in the fields of ballistic science.

All papers, both oral and poster, will be considered eligible and reviewed for this
award. No application is required. The selection is based solely on technical content

of the published paper.

THE NEILL GRIFFITHS MEMORIAL AWARD

The Griffiths Award is presented to the author(s) of the paper judged to have made
the most significant contribution to shaped charge technology at the International
Symposium on Ballistics.

All papers, both oral and poster, will be considered eligible and reviewed for this
award. No application is required. The selection is based solely on technical content

of the published paper.

THE SOUTH AFRICAN BALLISTICS ORGANISATION (SABO) AWARD
The SABO Award is presented to the author(s) of the best poster as displayed and
presented to appointed adjudicators. The presence of the author at the poster during
the session is of paramount importance.

The objective of this award is to inspire poster presenters to present their work in
creative, legible and professional fashion thus enhancing the poster sessions as a
quality medium for the exchange of information during the symposium.

A maximum of three posters from each poster session will be nominated for the
award by the poster chairmen. All nominations will be evaluated on equal footing
by the adjudication committee for visual quality, creative skill and layout, and a

winner will be selected from the nominations.
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THANK YOU TO OUR SPONSOR!

Py Ps QinetiQ North America, Inc.
is a world leader in the devel-
’ n e ’ opment and production of

defense and security technol-

. ogy solutions, providing a wide
North America range of products, solutions
and services to the defense, civilian government and commercial markets. Head-

quartered in McLean, Virginia, QinetiQ North America Inc., is a subsidiary of
QinetiQ Group PLC. For more information, visit www.QinetiQ-NA.com.

The company’s Land Systems division provides a comprehensive suite of surviv-
ability solutions to protect the Warfighter in any environment, including ground
vehicle and aircraft armor, RPG defeat solutions, blast mitigating seating solu-
tions, precision air drop systems, integrated Warfighter systems, egress lighting
and gunfire detection technology to name a few.

QNA is the world’s largest add-on armor manufacturer for fixed wing aircraft.
The company has delivered armor upgrades on every C-5 and C-17 in the US
fleet, and the majority of C-130 aircraft in the US fleet and those of 16 other
countries. QNA’s LAST® Armor vehicle protection products and flexible ballistic
spall liners protect Warfighters in a broad range of ground vehicles.

The Q-Net™ lightweight RPG protection system is best in class for protecting
vehicles against the prolific RPG threat. Q-Net is sixty percent lighter than con-
ventional RPG defeat systems, and offers 360 degree protection and multi-hit
capability. This combat-proven solution is deployed on more than 8,000 vehicles
and has the highest defeat rate of any passive solution.

QinetiQQ North America is currently supplying Individual Gunshot Detection
Systems (IGDS) to the US Army. These low profile, shoulder worn acoustic tar-
geting systems (SWATS™) detect incoming small arms fire and report the threat’s
range and bearing in both audible and visual formats in less than one second.
The US Army and US Marine Corps have selected SWAT'S as their technology
solution of choice for individual gunfire detection systems.

QinetiQ North America delivers world-class technology, responsive services and
innovative solutions for global markets, focusing on government and commercial
customers. Its engineers, scientists and other professionals deliver high quality
products and services that leverage detailed mission knowledge and proven, reli-
able tools and methodologies to meet the rapidly changing demands of national

defense, homeland security and information assurance customers.
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11487
DEVELOPMENT OF A NOVEL CERAMIC ARMOR
SYSTEM: ANALYSIS AND TEST

David L. Hunn, Ph.D. and Sang J. Lee, Ph.D.

Lockheed Martin Missiles and Fire Control
Dallas, Texas 75265

972.603.1842 david.hunn@/mco.com

LOCKHEED MABTIN%



*Optimization of new armor systems must be underpinned by a
fundamental understanding of high strain rate dynamic events
and subsequent material response and failure mechanisms during
the impact and penetration event.

*Development of hybrid armor systems frequently feature
combinations of hard ceramics, composites, and metallics in
tailored configurations seeking to optimize ballistic performance,
weight, volume, and cost.

*The complexity of the physics during the ballistic event makes
isolation of armor system key performance parameters difficult,
involving mechanisms such as penetrator fracture or blunting,
penetrator erosion, loading of armor elements, fracture of armor
elements, loading of (and erosion due to) the resulting rubble
bed, momentum transfer, ejection of debris, shock and stress
wave propagation and interaction, and residual kinetic energy
absorption.

« Armor system design must consider each of these mechanisms
for increased efficiency.




*Our approach focused on use of discrete embedded ceramic
elements (threat defeat, multi-hit and crack arresting
improvements), of specific shape and size (shock wave control,
rubble bed confinement, threat defeat), separated by low
impedance polymers (shock wave and crack control) with suitable
cover plates and back-up plates (rubble confinement, dwell
increase, momentum transfer).

Development was guided by and relied heavily on judicious use of
analytical predictions correlated with ballistic testing and post-test
failure morphology investigations.

*Our approach started with single element studies, followed by
multi-component modeling, which were then followed by full armor
system modeling. The bulk of our analysis used phenomenological
modeling approaches (finite element, particle dynamics and mixed
finite element-particle formulations).

Balls

Evolution:

T N ﬂiﬂ T N
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*Single element studies guided ceramic element shape optimization.

*Crack development was studied under representative penetrator impacts
*Ceramic prism is modeled with smooth particle hydrodynamics (SPH); both
JH-1 and JH-2 were used. JH-1 showed significantly better correlation with test

results, and was used in remaining studies.

*Projectile modeled with regular finite elements, with Johnson-Cook strength
and fracture format.



T=0.02 msec T=0.06 msec T=0.1 msec

*Modeling complexity progressed to multi-component models to predict
interaction of various numbers of stacked prisms coupled with strike
and back plates.

*SPH technique is well suited for capturing crack propagation, but is
computation intensive for accurate solutions. Our approach combined
SPH with finite elements; the prisms which undergo minimum damage
are modeled with finite elements; and the prisms which undergo
extensive damage are modeled with SPH particles
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Comparison of the damaged zone in a monolithic ceramic tile to that of the

prism configuration

*Analysis of the velocity time-history of the projectile as it penetrates these
prismatic architectures shows multi-stage behaviors, which can be attributed
to different mechanisms, including physical confinement of the pulverized
rubble bed by neighboring prisms leading to increased erosion of the

penetrator as it progresses through the laminate.
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*Ballistic Test Correlation: Damage prediction correlates well with
dissected test panels with respect to the pattern and extent of the
damage. The containment of the projectile core is also well predicted
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*From the multi-component model, “full armor” models were developed for
further increases in simulation fidelity which are closely representative to
tactically relevant armor architectures. These full models are used to examine
global armor responses to different threats, including larger bullet threats
and high speed fragment impacts




Strike Face

Note Damage Isolatior
Fiberglass Panel and Undamaged Prisms

*Panels were built and ballistically tested to examine the failure
morphology and ballistic predictions. The numerical predictions
correlate well with the damage pattern.
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‘Numerical simulation of damage to embedded steel
plate compares well with the post-test plate morphology
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*Multi-strike modeling in work: Numerical simulation of ceramic armor
impacted by 15t projectile and damage sustained on ceramic array after the
event
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*Numerical simulation of 24 projectile impact on ceramic armor and
damage sustained on ceramic array after the event. Multi-strike
capability prediction confirmed by ballistic tests.



Summary and Conclusions

Fundamental work has been performed developing novel armor
topologies that consider shock, dwell, erosion, and subsequent
penetration time history to guide armor architecture configurations.

*Results are presented for an advanced ceramic armor system
consisting of three dimensional arrays of nested ceramic prisms
exhibiting high ballistic performance and multi-strike capability.

*Development was guided by and relied heavily on judicious use of
analytical predictions correlated with ballistic testing and post-test
failure morphology investigations.

*Test results substantially confirmed the numerical predictions for the
projectile containment, the damage propagation through the array of
prisms and the extent of the damaged zone in the armor system.

*The effective use of these simulation approaches is limited by the
ability to obtain deformation results independent of discretization and
very high strain rate material characteristics. For these reasons we are
currently extending our work to incorporate microphysical/physics
based models as they mature.
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« Background
— V-Tail Flight Dynamics
— Flechettes

« Testing
— Spark Range Tests

— Radar Tests

« Summary/Conclusions
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« 2-Fin V-Tail projectiles are being investigated for guided munition applications
« Exploring feasibility of a roll-stable flight configuration (paper airplane concept)
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Approved for public release; distribution unlimited.
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* Preliminary research showed a tendency to settle into a stable coning motion
« Did not meet program objectives but potentially useful for other applications
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Approved for public release; distribution unlimited.
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« Typically dispensed in large quantities from a cargo round
» Cloud of flechettes expected to disperse over target area

« Each flechette is a fin-stabilized long rod penetrator capable
of penetrating light armor

FleChette reQUirementS http://twistedscottishbastard.blogspot.com
« Aeroballistic requirements:
— Fly in a nose first orientation
.. M3 46 APERS-T 105-mm L es!
_ Mlnlmal drag T jDIIIEbeeldar‘E fleche
— Relatively low yaw at impact
— No accuracy requirement for individual flechettes

« Other requirements: —————
— Producibility I e
— Dense packing e

f'[|t|3l:u:lm

http://news.bbc.co.uk
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* Producibility is very important
« Typically fabricated on automatic nail making machine
modified to form fins instead of the nail head

* Produced in large quantities with loose tolerances

http://www.wvguns.com/products_surplus.htm

http://www.auctionarms.com
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« Standard 4-Fin flechette configuration is a hindrance to dense packing

due to fin interference

http://www.fas.org/man/dod-101/sys/land/m546.htm

http://www.aircav.com/hydra70.html

Approved for public release; distribution unlimited.
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v

Flechette requirements
» Aeroballistic requirements:
— Fly in a nose first orientation
— Minimal drag
— Relatively low yaw at impact
» Other requirements:
— Producibility
— Dense packing

2-Fin V-Tail flechette configuration

* Improved packing (can stack projectiles without fin interference)
* Producibility similar to 4-Fin

» Aeroballistic performance unknown

WARFIGHTER FOCUSED.
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* Preliminary testing of 2-fin flechette was conducted in the ARL
Aerodyamics Experimental Facility (AEF)

« Shots were added to a 4-Fin flechette test program

« 2-Fin flechettes were made by grinding off two adjacent fins from the
baseline 4-Fin flechette, leaving a V-tail configuration

» Goal was to have a direct aeroballistic comparison of 2-Fin vs. 4-Fin

_ WARFIGHTER FOCUSED.
Approved for public release; distribution unlimited.
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39 direct image orthogonal shadowgraph stations in 5 groups

Image window is less than
14 inches across

Spark source triggered at a
recorded time after infrared
sensor detects passing projectile

Each station surveyed into a fiducial
system that is simultaneously imaged
on the film with the projectile

WARFIGHTER FOCUSED.
Approved for public release; distribution unlimited.
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Aero Range Facility Data Analysis
Software — ArrowTech Associates

CNa _ﬂ i
Cnpa: ARFDAS
l
cx fA° 5
i v
Film is read using a precision light table cm

to determine spatial coordinates CY
and angular orientation of the projectile

Data is reduced for a 6-DOF fit in
order to obtain an aerodynamic
model and motion fit

WARFIGHTER FOCUSED.
Approved for public release; distribution unlimited.
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Some rounds were well behaved
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2-Fin V-Tail flechettes exhibited
similarly inconsistent behavior

Did not have enough “good” shots to
perform standard data analysis

Desire was to obtain drag comparison

Difficult due to large yaw variation
along trajectory

A non-traditional approach was used
to compare performance

WARFIGHTER FOCUSED.
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« Evaluated correlation of velocity
loss with total yaw

» Velocity loss is fairly
independent of velocity

14

Velocity Loss vs. Yaw
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« Data quality leaves much to be desired, but does show trends

« Still need to know downrange yaw levels

« 2-Fin has lower drag if yaw not more than 2 deg. larger than 4-Fin yaw

14

Velocity Loss vs. Yaw
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Radar testing was conducted of both configurations
— (4) 4-Fin baseline
— (5) 2-Fin V-Tall
 Gun elevation = 10 degrees
* Muzzle velocity = ~550 m/s
« Sabot launched from .50 caliber smoothbore test barrel

« (Goal was to determine performance after rounds had “settled down”

_ WARFIGHTER FOCUSED.
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« Radar test results showed very inconsistent velocity loss for both configurations
* Rounds did not “settle down” as expected
* Spin-yaw resonance is one potential explanation

Velocity vs. Range
(Radar Measurements)

600

500 W\

—4-Fin

e 2-Fin
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300 - \\

Velocity (m/s)
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> \

300 400 500 600 700
Range (m)

800
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* Velocity above 350 m/s
* 4 “well behaved” rounds
— 2 of each configuration

» Comparison of velocity loss indicates both
configurations have nominal yaw of ~5 degrees

Velocity Loss vs. Yaw
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« There are flight stability issues with the baseline 4-Fin configuration
« Balllistic performance of 2-Fin V-tail is similar to 4-Fin baseline
« Comparison of “well behaved” rounds shows lower drag for 2-fin design
« 2-Fin V-tail appears to be a viable alternative for flechettes
* Further research is needed
— Must address stability issues
— Evaluate 2-Fin performance for stable baseline

WARFIGHTER FOCUSED.
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Case Failure

During a U.S. Army test, 5.56mm NATO case ruptures were experienced when
firing the M249 in the hot, 160 deg F (conditioned) environment.

Key points from early in the failure investigation

*M?249 normally creates more case deformation than M16/M4

eHot, 160 degree (Higher Pressures, different mechanical fits than at ambient temperatures)
eLow round count barrels

*\Weapon was recently cleaned and lubricated

eFailures always occurred within the first 10 rounds of the ammunition belts

eCase bulging frequently observed in rounds preceding ruptured rounds on the belt
eNoticeably shorter cartridge shoulder neck length in ruptured cases

eFailures of this type are not occurring when firing the same ammunition from the M16/M4
eMaterial analysis of case suggests no significant variations from the norm

NDIA, Small Arms 2011, Lubricated Case Failure 2



Investigation Path

Exploratory testing at multiple agencies (ARL, LCAAP, ARDEC)
*Comparative testing of various ammunition and weapons relevant to failure
*Evaluation of pressure
*Evaluation of temperature
*Evaluation of Lubrication
*Analysis and Identification of failure mechanism(s)

Modeling, Simulation and Engineering Analysis (ARDEC)
*Baseline the brass cartridge case using test data
*Apply loads/constraints to replicate failure
*Enhance knowledge of failure mechanisms by studying what can be shown in testing
|dentify/Quantify failure mechanism(s), verify with testing
*Provide thorough understanding of mechanism(s) to support corrective action

This Brief is focused on the simulation and analysis conducted at Picatinny Arsenal
used to support the overall investigation

NDIA, Small Arms 2011, Lubricated Case Failure 3



Initial Models

2D Axis-symmetric FEA Models Analyses:

Pressure variation
Bullet drag on case
Head space variation
and cartridge location
Bolt* . Extraction loads
Potential Case defect
Friction variation along
case length

Bolt Face variation

Fwd Bolt Stop™*

: Chamber
crimp Rear Bolt Stop**

\' ?olt Carrier*
Uniform -
Pressure

Extractor®

Case Length  Case Base Region
Case Mouth Region

*Simplified for Axis-symmetric model
** This geometry sets the head space

NDIA, Small Arms 2011, Lubricated Case Failure 4



Dynamic rigid body
models used to capture
timing and loads

Shoulder Space: 115000 PSI - Weapons Technology Branch
Time = 0.0003025

=~

Typical fracture from too much
Case bulge from forceful feed of head space: no bulge

case with out-of-spec length 5
NDIA, Small Arms 2011, Lubricated Case Failure
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Close, but backwards %

h—_
Commy ™

Too much head space typically results in material separation due to exceeding the plastic strain
material limits of brass . The failures experienced were not of this nature.

Initial simulations closely replicated case deformation by preventing case to seat properly, or
by having a case length that was out of spec. However, M249 operating group was shown

(simulation and testing) to be unable to lock and fire if cartridge case prevented from seating
in this manner. These simulations created this case deformation by FORCING the bolt closed.

True: Case deformation comes from excessive force at the contact surface of the case and bolt
face. However, the increase in force is not caused by head space, and not by pressure alone.

To generate enough bolt face force from a pressure increase alone, the 2D simulations suggested
peak pressures well over 90,000 psi would be required, if all else is nominal.

NDIA, Small Arms 2011, Lubricated Case Failure 6



Mechanics of Case loading

4 W
Compmy s

000

. . .2
Inside area of cartridge case near base: Agee = 0.068in

Cuter diameter of case length: 0D, = 0.375in 5000

Length of obturating case: L 1.230in

case 4000 /:"MX
Peak pressure of P/T curve: P = T2000psi 4/ -\
_ _ 3000 N
Force against bolt face from Pressure: Fpi,.Ess =PA . FI:Mmss = 4306 Ibf // -\'\‘

Pressure at contact surface between case 2000
= 12 i
and chamber: Pan = 12000psi ///
1000

Coefficient of Friction between case and p =025 € | Highly Variable
chamber:
; . 0 T T T 1
Resistance force from obturation friction: FI-L = Pratt | mODcase Lease) 1 0.00E+00 2 .00E-04 4.00E-04 6.00E-04 8.00E-04
F  =43471bf = Force from case pressure = Friction resistance

L

NDIA, Small Arms 2011, Lubricated Case Failure 7



3D Models

Modeling info

%, symmetry (along bolt geometry)
*500,000 nodes, 2hr run on 32 cpu
*Tet-mesh bolt and extractor

*Hex meshed case and chamber
*Extractor Spring simplified to force
eUniform pressure assumed

Baseline model

*72ksi peak pressure

*Friction 0.3s/0.15d

*Red= Plastic strains exceeding 10%

NDIA, Small Arms 2011, Lubricated Case Failure 8



Bolt Face Forces...from Pressure

Peak Bolt Face Force as a Function of Pressure
(with Friction tuned to match ARL data)

5000

4500 /

. /

4000 /

3500

3000 —

© N\

2500

2000 'l/./

45 50 55 60 65 70 75 80 85 90 95
Peak Pressure (ksi)

Bolt Face Force (Ibs)
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Bolt Face Forces...from Temperature %E

P
Commy ™

Pressure variation as a function of temperature. Stress Strain response to

(Test data generated by ARL (Brosseau/South) showing tempe.rature Increase,
pressure increase with temperature increase for M855) for a given hardness

70,000

68,000

66,000

mMESS Lot A

64,000
EMESS Lot B

62,000

£0,000

58,000

56,000 -

Chamber Pressure (psi)

54,000 -

52,000 -

Yield Strengths and flow stress are
reduced at higher temps.
However, only slightly (~10%) in
the temp range of interest.

Pressure variations from lot-to-lot,
and test-to-test broaden the scope
of the analysis. Evaluate concepts,
not individual products.

NDIA, Small Arms 2011, Lubricated Case Failure 10



Bolt Face Forces...from Lubrication

Testing shows NO increase in pressure from lubrication

.—— 160F, with Lube
ST 160F, with No Lube

70F

M855 Test data generated by ARL (Brosseau/South)

NDIA, Small Arms 2011, Lubricated Case Failure 11



Friction in Chamber

Coefficients of Friction Evaluated in Simulations
Typical Static-Dry 0.45
Coef. Frictions
0.4
0.35 1
Steel Brass 0,35
Steel | Steel |078 1
"g' 0.25 1+
g
8 02+
Lubricated steel-brass can
drop to u = 0.05 or lower 0151
0.1 +
Dynamic (sliding) 005 L
Frictions are typically 25-
75% of static 0 ‘ ‘ ‘ ‘ ‘ e ‘
1 2 3 4 5 6 7 8 9
O Series1 M Series2

NDIA, Small Arms 2011, Lubricated Case Failure 12



S = Static coefficient of friction (p) All sims done at 72ksi

D = Dynamic coefficient of friction eau / o\)th _
BrOS Minis!
Simulated Bolt Face Forces for Various Chamber Frictions N ted oy
pData gat gen ra
8000 agrees
7000
6000 EYY ——$=0.001, D=0.0005
= —8=0.01, D=0,
2 5000 Wl $=0.05, D=0.025
8 *F $=0.1, D=0.05
()
t 4000 b — —3S=0.2, D=0.1
El | |—5=0.15, D=0.075
= 3000 . $=03 D=0.15
0
(i} ] / S5=0.4, D=0.2 —
2000 ’iv / —3S=0.5, D=0.3
1000 +—4—
0 n T T T T T T T T T
o — N [32] < 0 © N 0] ()] (@)
o o o o o o o o o o —
o o o o o o o o o o o
S & 6 & 9 & 9 & & © o
o o o o o o o o (@) o o
Time (sec)
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Bolt Face Forces...from Lubrication

All sims at 72ksi peak pressure
$=0.3, D=.15 S=0.15, D=.075 S=0.05, D=.025 $=0.001, D=.0005

Simulated Peak Bolt Face Force as a Function of Friction

8000

7500

h
7000 \
b\

:

Bolt Face Force (Ibs
g g

0.000 0.100 0.200 0.300 0.400 0.500 0.600
Static Friction Coef.
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Pictures courtesy of ARL-TR-5377
(Brosseau/South/Michlin)

Recall:
Failures occurred on
M249, not M4/M16

NDIA, Small Arms 2011, Lubricated Case Failure 15



Supported Bolt Face

Simulations at 72 ksi

Rigid-body disc supports bolt face
AXIALLY in this simulation

Radial flow not constrained Plastic strain

1.000e-01

9.000e-02 ]
8.000e-02

7.000e-02
6.000e-02
5.000e-02
4.000e-02
3.000e-02
2.000e-02

1.000e-02
0.000e+00 _|

Radial flow contained, bulging in
unsupported region is prevented

Prevention of axial flow alone is

not enough to stop case bulge
at O-friction

NDIA, Small Arms 2011, Lubricated Case Failure 16
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Staking and other “defects E

h—_
Commy ™

72ksi with nominal friction Proposed “roller defect”

Stress/strains put into case from observed defects
are overcome by the much larger stress/strains
caused by material flow into bolt face

*Minor defects create stress concentration points

i

Harder brass as reduced *Potential for crack propagation should increase
strain-to-failure limits . . . .

wherever stress concentration point is placed in
“hard” brass.

NDIA, Small Arms 2011, Lubricated Case Failure 17
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Combined loads %E

h—_
Commy ™

Bolt Face Forces for M249
8000 Likely region of case-
base failure

7000 /

6000 |
E‘ EINom!naI Friction, Pressure
3 5000 H0ksi
o OMominal Friction, Pressure
o G0ksi
L 4000 . e
2 ONominal Friction (0.3), 160F
= Pressure (72ksi)
% 3000 mLow friction (0.05), 160F
m Pressure (72ksi)

2000

1000

0

*1000 Ib jump in load for 10,000 psi pressure increase

2000 |b jump for reduction in obturation friction (u= 0.05)

NDIA, Small Arms 2011, Lubricated Case Failure 18



Summary

1. Nominal bolt face forces in ambient conditions
(temp/friction) are around 3000 Ib

2. Case extrusion and resulting failure occurs
around 6000 |bs of bolt face force, in M249

3. Pressure increase of ~10,000psi can increase
bolt face load an additional 1000 Ibs

4. Lubrication in Chamber can increase bolt
face load an additional 2000 lbs (1=0.05),
3000 lbs (1 near zero)

5. Failure less likely to occur on M16/M4 bolt face

due to better case support DO NOT ALLOW
6. These failures should occur regardless of LUBRICATION TO COME
staking or other defects presence/absence BETWEEN CARTIDGE CASE
NDIA, Small Arms 2011, Lubricat AND CHAMBER
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From Graham and Weinacht, 2000

Barrel Shock
Bow Shock Mach Disk

A-Shock \ «

Recompression
Shock

e Sonic Jet
e PR=340
e Mach 1.5 Crossflow
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» Use computational fluid dynamics (CFD) to
Investigate the effect of lateral reaction jet control
(RJC) nozzle location and resulting jet interaction
(JI) effects on control forces and moments on a
generic, fin-stabilized projectile.

« Parameters fixed:

— Jet total pressure to freestream static pressure ratio (PR),
Do/ Do = 340

— Sonic nozzle, 2.54 mm diameter
e Parameters varied:

— Jet location along projectile axis
— Mach number (M = 1.5, 2.5)

Approved for public release; distribution unlimited. 3 WARFIGHTER FOCUSED.



e CFD++ (v10.1), from Metacomp Technologies, Inc.
— Finite-volume, point implicit formulation
— Second-order, upwind HLLC Riemann solver
— TVD flux limiter
— Multigrid W-cycle method (4 cycles, 20 grid levels)

 Menter's Shear Stress Transport (SST) turbulence model, based
on 2-equation, k- model was used.

* High performance computer systems used:

— SGI Altix ICE 8200 Supercomputer (HAROLD) and Linux Networx
Advanced Technology Cluster (MJM) at Army Research Laboratory
DoD Supercomputing Resource Center (DSRC), Aberdeen proving
Ground, MD.

— Cray XE6 (RAPTOR) at Air Force Research Laboratory DSRC at
Wright-Patterson Air Force Base, OH.

Approved for public release; distribution unlimited. 4 WARFIGHTER FOCUSED.



Army-Navy Finner (ANF)
missile—a reference
configuration reported
extensively in the archival
literature.

2.84 cal. conical nose
10 cal. total length

1-cal., square planform
fins mounted flush with
base

Center of gravity (c.g.)
located 5.5 cal. from
nose

7 jet locations on top
surface, as indicated in
figure.

No lateral reaction jet
validation data.

Approved for public release; distribution unlimited.

R3 R|2 I?1 FO F1 F2 F3
|
‘ R o.0ds
i CG
R 0.004
/ 10
0.08
J_r __ I A AT _
IE - 284 -
- 5.50 -
1.0 |
- 10.0 -
Label Locationfrom nose Location from c.g. Description
{(mm) (cal.) (mm) (cal.)
F3 65.0 217 -100.0 -3.33 On conical nose
F2 80.0 3.00 -75.0 -2.50 Justrearward of cone
F1 127.5 425 -37.5 -1.25 Between coneand c.g.
FO 165.0 5.50 0.0 0.00 Atc.g.
R1 215.0 7.17 50.0 1.67 Between c.g. and tail fins
R2 265.0 8.83 100.0 3.33 Just ahead of tail fins
R3 290.0 9.67 125.0 4.17 Between tail fins
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« MIME, from Metacomp Technologies, Inc.
- 8.8t010.2 M cells
- Prism layers on solid boundaries
- Half domain modeled
 Computational domain
— 5 cal. forward, 20 cal. behind
— 14.5 cal. radially from body
« Adiabatic walls, y+ 1.0

» Freestream M =1.5, 2.5 at p,=101.3 kPa
and T =288 K

e Stagnation conditions (p,, T,) at nozzle
plenum inlet

FO Location F2 Location

Approved for public release; distribution unlimited. 6 WARFIGHTER FOCUSED.
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Numerical Schlieren

Mach 2.5 Mach 1.5

Normalized surface pressure
(p/p.) and Mach contours

FO
Location
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e3 F2

F1 FO

R1 R2
R3
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F3 F2
F1
R1 R2
R3
Approved for public release; distribution unlimited. 9 TECHNOLOGY DRIVEN. WARFIGHT_'_ER FOCUSED.




R

Force Amplification Factor vs. Jet Location
20 -
] ¢ M=25 * *
1.5 4 A M=15
* Measure of JI effect. | |==rProjectile A
¥ 1.0
— > 1 -> amplification ]
P . 1 ) ¢ x ) { x
— <1 - attenuation 05 | L
— <0 > effect opposite jet thrust : -
00 "r—H—"F - r—+—7-r—+r—+———++—+—"+t T+t T+
000 005 010 015 020 025 030 0.35

Axial Location (m)

Moment Amplification Factor vs. Jet Location
2.0 -

Ls . s £ Jet force attenuated at

Lo ¢ N forward five locations.
S 05 - ¢ M=25 Jet force amplified at rear

0.0 - - A M=15 two locations.

05 - i —Projectile Moment due to jet thrust

10 T b b amplified at most locations.

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 Km < 0 at the Rl Iocation.
Axial Location (m)
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Moment varies linearly with jet
location.

“Total” moment approaches
moment due to jet thrust as
location moves toward nose

JI moment goes to zero
K, goes to zero

-2.0
-3.0

“Total” moment at R1 opposite
that due to jet thrust

Approved for public release; distribution unlimited.
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Force Coefficients vs. Jet Location, M=2.5
, Jet force constant

0.50 - CN_jet .

0.25 N A A CNji JI force > 0 opposes jet thrust

0.00 - ¢ CN_total “Total” force
_ 0B IS ——Projectile « Magnitude < jet force
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075 - indicates attenuation

-1.00 - Magnitude > jet force
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Force Centers of Pressure vs. Jet Location, M=2.5
150 -

—_ ] A
€ 100 -
% 505 y S— ://i///*::pt
e 7 . 2 A i
e R | f i 2 50 ; / ¢ ¢ total
esultant torce center o g 100 - < ¢ Projectile
pressure (RFCP, “total”) 2 150 - *
2200 =Tt

varies nearly linearly with jet
location from c.g. and forward.

e AtR1, RFCP is well forward

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Axial Location (m)
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at Mach 1.5. Force Centers of Pressure vs. Jet Location, M=1.5
150 -

— 125 mm forward T 100 ) ‘/‘4’
— Interaction with tail fins w 50 T —Jet
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Neither C, .o NOr RFCP, are g 100 o Projectile

8

zero when jet located at c.g.

Axial Location (m)
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« Effects of lateral reaction jet location on the forces and moments
Imparted to basic fin-stabilized projectile were investigated.

« Features of JI flowfield compared well with those presented in
archival literature.

 Jet thrust was attenuated at forward five locations
— 15-45% at Mach 2.5
— 25-75% at Mach 1.5

o Jet thrust amplified up to 80% when located just forward or
between tail fins.

» Locating jet near the tail of projectile can minimize the traditional
JI effects that are due to interactions in the jet wake.

 However, the near-jet flowfield interaction between jet and fins
must be taken into account.

Approved for public release; distribution unlimited. 13 WARFIGHTER FOCUSED.
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* These results and additional flat plat investigation
results presented at the 29t AIAA Applied
Aerodynamics Conference, Honolulu, HI, June 2011.

— DeSpirito, J., “Factors Affecting Reaction Jet Interaction
Effects on Projectiles,” AIAA-2011-3031, June 2011.

* Plan to extend study to include
— Higher Mach number
— Effects of variation of projectile angle of attack
— Effects of transient jet pulse
— Effects of projectile rotation

* Also plan investigations in subsonic crossflow.

Approved for public release; distribution unlimited. 14 WARFIGHTER FOCUSED.
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Modeling of Fabric Impact with
High-Speed Imaging and Nickel-
Chromium Wires Validation

Sidney Chocron,

Trenton Kirchdoerfer, Nikki King, Christopher
Freitas
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Outline

Tests set-up and diagnostics:

— Imacon Camera.

— Phantom Camera.

Computations with LS-DYNA and multi-pronged validation
(single yarn, single layer, multi-layer and V50).

Principles, main results and validation of Nickel-Chromium wire
technique.




Test set-up: fabric with Ni1Cr Wire

Phantom videocamera
to measure residual
projectile velocity

Imacon 200 camera
Looking at back and
side of fabric

Fabric

NiCr wires

Frame

Infrared screens to
Measure impact velocity

P
& .22 cal FSP










Diagnostics

e Imacon 200
— 16 frames at a maximum rate of one every five nanoseconds. The resolution is

1200 980 pixels.
— Used to watch the back of the target (sideways) during the first 50-80 s at a rate
of one frame every 5 pus. Exposure was 800 ns. The area seen was around 6 6

cm? (2.4 2.4 in?) .
— Provides early time position (and speed) of the transverse wave and the apex of
the pyramid, time of penetration of last layer.

* Phantom V7
— Provides hundreds of images of back of target, used at one frame every 100 us.

Resolution 800 240.
— Qaives residual velocity (and shape) of projectile, late time deflection of target,

late time base of pyramid.




Materials

Fabric Denier Yarns per inch Areal Density of one
layer (kg/m?)
Kev KM2 S5705 850 31 0.252
Kev KM2 S5706 600 34 0.186
Dyneema SK-65 792 w: 20, f: 15 0.126
PBO 500 24 0.113

The projectiles used were the .30 1n. cal FSP (44 grain) and the
.22 1n. cal FSP (17 grain).




Numerical validation

Numerical validation was performed in various ways, providing great
confidence on the model:

— Single yarn impact.

— Single layer impact.

— Multi-layer tests.

— Ballistic limit comparison.

— NiCr wire comparison.




Single Yarn Impact Validation

Smith theory on transverse
impact on single yarns

V:C\/8(2\/8(1+8) —£)
U=c \/E(I-I-E) —&

Yarn Material Density Sound Speed Strength Theor. Critical

(g/cc) (km/s) (GPa) Velocity (m/s)
KM2 S5705 1.44 7.45 3.4 945
Dyneema SK-65  0.97 9.89 3.42 1110

PBO 1.56 10.7 5.8 1108




Single Yarn Impact Validation

Validation performed on
theoretical transverse wave
velocity and not on theoretical
critical velocity

Yarn Material Impact Theor.Transv. Exp. Transv. LS-DYNA Transv.
vel. wave vel. (m/s) wave vel. wave vel. (m/s)
(ml/s) (ml/s)
KM2 S5705 480 851 880 880
Dyneema SK-65 480 954 900 950
PBO 520 1033 1040 1060
Material Density E, E, E. 1% G oy
(g/cm3) (GPa) (GPa) (GPa) (GPa) (GPa)
KM2 S5705 1.44 80 8.0 8.0 0 0.8 3.4
Dyneema SK-65 0.97 95 9.5 9.5 0 0.95 3.42
PBO 1.56 180 18 18 0 1.8
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Yarn 03 — Dyneema — 477m/s
5 us per frame

No failure

™

%
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a

\_

Yarn 06 — Dyneema — 474m/s
4 us per frame

No failure

™

%
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a

\_

Yarn 12 — Dyneema — 517m/s
4 us per frame

No failure

™

%
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a

\_

Yarn 11 — Dyneema — 583m/s
4 us per frame

Immediate failure

™

%
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a

\_

Yarn 09 — Dyneema — 672m/s
4 us per frame

Immediate failure

™

%
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a

\_

Yarn 13 — PBO — 523m/s
4 us per frame

No failure

™

%
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a

\_

Yarn 18 — PBO — 610m/s
4 us per frame

Immediate failure

™

%
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\_

Yarn 23 — 5705 — 476m/s
4 us per frame

No failure

™

%
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\_

Yarn 30 — 5705 - 621m/s
4 us per frame

No failure

™

%
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\_

Yarn 29 — 5705 — 634m/s
4 us per frame

Immediate failure

™

%
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/ Single Layer Validation \

Single layer of Dyneema impacted by a .30 cal FSP at 348 m/s.

The square grid drawn on the fabric has a size of 1 cm % 1 cm.
\Fhe rightmost 1mage shows the pyramid 45 us after impact./

21



\_

DV: Warp Direction, DH: Fill Direction

/ Dyneema SK-65: Single Layer Validati(h

%




Single Layer

Figure 1: Squares (1 cm x 1 cm) of the fabric models developed: (upper left) Dyneema, (upper

right) PBO, (lower left) KM2 SSchi:ﬂ%{ IaéI% (tolwe(r: ﬁ%hQKi\/[% %)l()demer.
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Single Layer Transverse Wave

5 ps 15us 25 ps 35 ps

Figure 1: Pyramid development for the .30 cal2FSP impacting Dyneema fabric. The pyramid




a

Dyneema Single Layer

™




/ Kevlar KM2: Single Layer Validation\

\ KM2 600d KM2 850d /




/ PBO 500 denier, Single Layer Validatioh




Multi-layer
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Higure 1: Images recorded atS s intervalssrimﬁlelﬂt&rgm for test# 38: 0.22 cal FSP vs. 10 layers of
Dyneema at 309 m/s. Thed)rojectile was stotp ed by the target in this test.

0.22 cal FSP vs. 10 layers of Dyneema at 309 m/s.
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Impact on 10 Layers of Dyneema
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a

Dyneema 10 Layers

™
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Movies

* 10 layer Dyneema and KM2 on Imacon
* 10 layer Dyneema and KM2 on Phantom
* 39 layer PBO on Imacon and Phantom
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Apex Position

10 layers

/ Dyneema SK-65, Multilayer Validatiorx

Diagonal Extent

%
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10 layers

PBO 500d, Multilayer Validation \

%




a

\_

10 layers

KM?2 850d, Multilayer Validation \

%







Ballistic Limits

FSP Areal 4-shot Exp. DYNA
Material ... Denier Layers Density V50/Spread
Projectile 2
(kg/m?) (m/s)
KM2 .30 cal 850 9 2.27 370/64
Dyneema .22 cal 792 10 1.26 354/23
PBO 22 cal 500 10 1.13 360/56
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Nickel-Chromium wire technique

™




/ Test set-up: fabric with Ni1Cr Wire \

NiCr Wires

N




a

Detail of NiCr wires connections \







Diagnostics - Ni1Cr wire Acquisition System

e The NiCr wires constitute one of the arms of a Wheatstone bridge (120
Ohm). The other three arms are inside the amplifiers.

« NiCr wires were calibrated in the initial phase of the project. Each NiCr
wire 1s shunted with a 5kQ calibration resistance to find and fine tune its
calibration constant.

* The data acquisition system has a maximum of 8 channels operating at 10
MHz.
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Typical Signal on KM?2

* The signal is very rich
— Longitudinal wave
— Transverse wave
— Failure of layer

— Initial strain
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NiCr Validation — Dyneema, 10 layers

Unclamped in simulations Clamped
The dashed lines are the simulations, the thin lines are the waves
recorded on the tests
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NiCr Validation — PBO, 10 layers

Unclamped in simulations Clamped
The dashed lines are the simulations, the thin lines are the waves
recorded on the tests
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NiCr Validation — KM2 850d, 10 layers

Unclamped in simulations Clamped
The dashed lines are the simulations, the thin lines are the waves
recorded on the tests
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Conclusions

« Use of multiple diagnostic techniques during a test increases confidence on
the interpretation of the results.

* Numerical validation was performed in various ways, providing confidence
on the model:

— Single yarn impact.

— Single layer impact.

— Multi-layer tests.

— Ballistic limit comparison.

— NiCr wire waves comparison.
 Is this model perfect? NO

— Compression of yarn in longitudinal direction has same modulus and
strength.
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Backup Slhides




/ Wave propagation in yarns (Smith, 1958)

* Yarn wave propagation well known:
— Longitudinal wave travels at speed of sound ¢
— Transverse wave travels slow at a speed U

« Wave reflects on boundary and impact point increasing by Ag at each reflection

until yarn breaks. v

Ag

Ut

ct

A
Y

Smith, Stress-Strain Relationships
in Yarns Subjected to Rapid Impact
Loading: Part V: Wave Propagation
Ag in Long Textile Yarns Impacted
Transversely, Textile Res. Journal,

1958; 28; 288

v
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/ Wave propagation in yarns (Smith, 1958)

Given impact velocity and sound speed in the yarn it is straightforward to

determine strain and transverse wave velocity:

oy

V=c St\/S(l-I-S)—S;

™~

U=C(/8(1+8) —€

Smith, Stress-Strain Relationships
in Yarns Subjected to Rapid Impact
Loading: Part V: Wave Propagation

in Long Textile Yarns Impacted

Transversely, Textile Res. Journal,

1958; 28; 288
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Local vs. global strain

-
-
-
~
-
-
-
-
-~
-

A

Early time (t ~ t,) Late time (t >> t_)

Local response Global or structural response.

NiCr does not directly give the strain NiCr “directly” gives strain with e=kxV
Need a model to interpret V(t)

Characteristic time: t =.5 L/c
For our tests: t,~ 40 ps
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“Local” strain - Model for the longitudinal wave

Given the above assumption and the fact that the voltage drop depends on the strain as:

V(x,t) = ki f £(x, t)dx

Then

€,Cert
Vt :2 0" fab
(t) R

Where g, 1s the strain that 1s propagating through the yarn. V is then linear
with time for the first few microseconds. The local strain in the NiCr yarn for

the first few microseconds is:
__kV()
0 2¢c;,t

and, since V 1s proportional to the time (oct) for the first few microseconds:

B k a

80 =
2Cfab
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Sources of error when evaluating strain

 Local strain:

— The propagation of the longitudinal wave is in fact much more complex. At each crossover
part of the wave is reflected and part transmitted.

— The wave probably damps at some point and does not seem to be reflected at the boundary
since that would mean doubling the slope of V(t), which does not happen in the experiments

e Global strain:
— Confidence is higher when measuring global strain because the NiCr wire is used as a long
strain gage.
— Nevertheless some error is introduced by not taking into account the slippage of fabric at
the boundaries.
— Maximum slippage is around 3 inches (adding both top and bottom boundaries)

— This increases the gage length of the wire and, systematically, gives us a strain higher than
the real one (if, when converting voltage to strain we keep the gage length constant)

— If we assume that max. slippage happens at max. strain (conservative assumption) then the
max. error is ~0.5% strain (so a 20% relative error for a 2.5% strain measurement). A
typical error 1s ~0.3% strain (12% relative error).

— Again, the error is not random but systematically we estimate more strain than the real
strain.

— At high velocities or for the Vamac® targets this error is very small (<0.1% strain)
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/ Strain in the Impacted Yarn (LS—DYNAN

: - m\m

0 5 10 15 20
Position along yarn (cm)
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Description of the waves seen in the NiCr wire

The principles, main assumptions and
limitations of the NiCr wire technique are
discussed in a paper published in the Int. J. of
Impact Engng. in 2010.

We assume the waves are divided in four parts:

Initial pull: First 10 or 15 ps, which, we
assume, correspond to a longitudinal wave
traveling up the yarn/wire. Linear part.

Failure and/or transverse wave (if it
happens): following 30 — 50 us. The
transverse wave shows up as a linear
segment. Failure shows up as a bump

Mixed region: complex wave interaction,
region difficult to interpret ~ 500 or 1000
LLS

Global response: late time (quasi-steady)
that can be interpreted as in a static tensile
test: ~ 1000 pus or more

1.20

1.00

0.80

0.60

0.40

0.20

0.00

This particular test had a NiCr wire in the first
and last layer. The first layer was perforated
during the test. The last layer was not

V3.1-1
. . layer
distance
~_ 2\
I OB
\\ — 2V
- ”‘\JW
i \v’»
100 300 500 700

Time (us)

perforated
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Model for the longitudinal wave

* Assumption: The first slope in V=V(t) is due to a longitudinal wave traveling through the secondary
yarn (the one that has the NiCr wire) at a speed cg,.

» This longitudinal wave gives rise to a constant strain that travels along the yarn. This assumption is
only good for the first few microseconds, until failure or transverse wave arrival.

»  Purpose: Allow to calculate the /ocal strain in the secondary yarn. The strain is proportional to the
initial slope.

80 = kwa : 8:()

2c '
fab Secondary yarn v

(with NiCr wire) \J Y
, Crabl
/ £=¢,

Primary yarn

- —< - — < ———-4—-———«—1-—-—"

|

\
|
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V3.1-1

o Ittakes ~ 35 us
for the transverse
wave to reach
the N1Cr wire

1Cr wire position
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Renorm Volts

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

V1.10-2

NiCr on layers 1 and 15; 2 first layers penetrated

—1A
11— 3A “Mix” of failure
1| __»o| andtransv. wave
1[—30
|Layer 1

Layers 1 and 15

o

10864 21

g v vl
) Tﬁ-ﬁ%%ﬁwﬂiﬁmwmw” Wﬂ*ﬁf#’“J!-*‘”fMW'w
200 300 350 400
Time (us)
243 273
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Comparison of signals from tests vs. signals from

™

simulations
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/ DYNA vs. NiCr wire \

&cm from 1mpact point 2 cm from impact poinj
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/ DYNA vs. NiCr wire \

kcm from 1mpact point 4 cm from impact poinj
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/ DYNA vs. NiCr wire \

\6 cm from 1mpact point 8 cm from 1mpact point/
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/ DYNA vs. NiCr wire \

\ 2 cm from impact point 4 cm from impact point/
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/ DYNA vs. NiCr wire \

&cm from impact point § cm from impact point/
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/ How Strain 1s Distributed along Fabric\
NiCr wire and DYNA
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/ How Strain 1s Distributed along Fabric\
NiCr wire
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/ How Strain Distributes from Layer to Layh
NiCr wire results
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Standard tests fire rounds at muzzle
twist rates at downrange velocities.

Muzzle twist rates do not
accurately resemble spin
conditions downrange.

A comprehensive study and comparison of the stability characteristics of two
5.56 mm projectiles at different downrange spin conditions will determine the
most accurate method in obtaining the stability characteristics in future tests.

Approved for public release; distribution unlimited. 2 WARFIGHTER FOCUSED.



The 100-m long Aerodynamic Experimental Facility is
operated by the Aerodynamics Branch at ARL

39 direct image orthogonal shadowgraph
stations in 5 groups

. _ Spark source triggered at a
Image window is less than 14 recorded time after infrared
inches across sensor detects passing projectile

'] I
M1 6A2 '. i E‘ Spark sources

Dual Plane Spark Shadowgrap
Station

£

Infrared light
sensor

Gun muzzle is located 1.8 meters

Spark Facility Layout

Approved for public release; distribution unlimited. 3 WARFIGHTER FOCUSED.



Shot 26598 —
M16A2, muzzle
velocity

45 vertical 45 horizontal

Film read using a precision light table to determine spatial
coordinates and angular orientation of the projectile
including roll

Data relative to earth fixed range coordinate system
Approved for public release; distribution unlimited. 4 WARFIGHTER FOCUSED.



Copa
2 c, d
ARFDAS CL& oo,
. V
Aero Range Facility Data Analysis C O =sIna
Software — ArrowTech Associates Cy mo
C,=C, +C,. 5’
oo h ¢, =C, +C, &

a0

C =C +C <= Notshown
q a

my

a3
m

Cy, =Cy, +Cy, 0

C =C_+C &
a a( a3
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« M855 projectiles were fired at
velocities simulating ranges of
0, 200, 400, 500 and 600-m.

 Fired at muzzle twist rate
(1revin 7 in) from M4 and
M16A2 barrels.

 Yaw inducers used as
needed.

« Stability characterization at
muzzle spin and downrange
spin rates.

* Yaw limit cycle analysis at
muzzle spin and downrange
(adjusted) spin rates.

Approved for public release; distribution unlimited. 6 WARFIGHTER FOCUSED.



Pitch damping exponents: 4. .=——

F,S

In which
C*
p:I_X(ﬁ) M Ma
\v k2
(Cmq+Cmd)
H=C —C}—
a 2k3
n
T=C —=5
ba k2
I 1 pSd
2= _x k=2 _
Y md? Y mdr 2m

Note: C, =C, cosa—C;

_ 2
Cp=Cy sin“a+Cycosa

Approved for public release; distribution unlimited.
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Axial force and roll damping 30000 x“'@-*-—n._._‘_kf
coefficients from 6-DOF fits 24000 -~
input into PRODAS to 221000
determine downrange spin | £ 18000
rates.

0 100 200 300 400 500 600
o pe s Slant Range (m)

New spin rates are input
and used to update the A s :_l{Hi 2T—H)}
damping exponents

Only “P” changes

Approved for public release; distribution unlimited. 8 WARFIGHTER FOCUSED.



0 . : . 0.01
. 0 1" =2 3 4 .
Experimental % — § 0 —
Spin £ 00 _ S - = 0 1 2 3 4 5 6 T
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8 002 . *e S . " .
n o . i 002 . . *
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£ -003 _ £ 03 o*
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0.01
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Experimental Spin
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Precession and
Nutation arm
damping exponents
are decreased.

Yaw limit cycle still
exists, but is
reduced by ~0.5°

10

Simulated Spin
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Average yaw 10 = McCoy [1]
observed 100-m 9 —
from the muzzle in 8 ¢ ARFDAS fit u
the spark range = 7 | 4 Modal Damping Exponents| |
(ARFDAS fit) g © | ]
= 5 * Modal Damping Exponents|
; 4 3; with adjusted spin
McCoy data rounds T 3 ' .
>= € 1% 1%
measured at actual 2 f#‘c ;
: 1
downrange locations ) | | | LIRS | tI
_ 0 200 400 600 800 1000
Modal damping Average Velocity (m/s)

exponents show

expected max yaw

for the given velocity Yaw growth begins to occur at
velocities around 600 m/s.

Yaw limit cycles may be as large as 6°(McCoy) but would
require additional testing at lower velocities to verify.

Approved for public release; distribution unlimited. 11 WARFIGHTER FOCUSED.



PRODAS simulation 50
using aerodynamic
coefficients generated 40
from range tests. —_
o5
L
T 304
|-
o
o D 20
Minimal yaw growth <
observed — less than < 19
one degree at 600-m -
0.0 | T =
0 100 200 300 400 500 600
e v A s " Slant Range (m)

Two possible explanations:
- a small mass asymmetry exists

- spin rate must be matched in the experiment

Approved for public release; distribution unlimited. 12 WARFIGHTER FOCUSED.



« M193 projectiles were fired at
velocities simulating ranges of
0, 200, 400 and 600-m.

* Fired using two methods

— Standard firing with muzzle twist
from M16A2 barrel

— Fired from Mann barrels to match
down range spin rates

* Yaw inducers used as needed.

« Rounds fired from Mann Barrels _ _ _
required the use of sabots. * Previous analysis of aerodynamic

coefficients showed differences in
methodologies likely insignificant

« Stability characterization at muzzle
spin rate, adjusted downrange spin
rate, and matched spin rate.

Approved for public release; distribution unlimited. 13 WARFIGHTER FOCUSED.



Gyroscopic stability factor must be greater than one to be stable.

p2
Se=—
4M
. . . 2T
Dynamic stability factor can be defined as: Sd =
H
Stable rounds must remain within the 1 _ ¢ (2-5,)
dynamic stability bound defined as : s, ¢ d
i ) —]_x ﬁ — C;;l“ — * (Cmq + Cmd) _ C;lkpa
Reminder: P_Iy(Vj M= H=C; —Cp— 22 T

Approved for public release; distribution unlimited. 14 WARFIGHTER FOCUSED.



Initial yaw levels vary
from 1.5-8 degrees.

Rounds with adjusted
spin display improved
dynamic stability.

Yaw limit cycle evident at
Mach 1.1 for standard
firing and adjusted spin
analysis.

Rounds at all Mach numbers were
both dynamically and gyroscopically
stable for the matched spin (pre-
engraved) firings.

Approved for public release; distribution unlimited.

Additional shots with lower yaw levels
would be needed to confirm lack of yaw

limit cycle for M193 projectile.
15 WARFIGHTER FOCUSED.



« Standard M855 tests shows yaw growth beginning at 400-m, ultimately
growing to 4.5 degrees at 600-m.

« Stability analysis with simulated spin rates can reduce the yaw limit cycle
of the M855 by approximately 0.5 degrees.

» Previous full range shots for M855 do not show evidence of a yaw limit
cycle until 600-m.

« PRODAS simulations of the M855 do not show evidence of a trim angle at
600-m.

» Gyroscopic and dynamic stability analysis of the M193 show yaw limit
cycle is present at 600-m for muzzle spin and adjusted spin cases.

* Matched spin experiment for the M193 is gyroscopically and dynamically
stable at all Mach numbers tested

Approved for public release; distribution unlimited. 16 WARFIGHTER FOCUSED.



» Level of dynamic instability will be predicted at a higher level than in
actuality when muzzle spin rates are used.

« Adjusting spin rates of rounds initially analyzed with muzzle spin does
improve the results, yet still predicts yaw growth at earlier ranges than
what can be expected at real range.

» Use of in-flight spin rate is necessary to determine the stability of the
round at downrange velocities.

» Lower velocities must be investigated if an accurate yaw limit cycle is to
be determined

Questions?

Approved for public release; distribution unlimited. 17 WARFIGHTER FOCUSED.



Reinforced HE Fills for Gun Launch

Michael Minnicino
U.S. ARL

261" International Symposium on Ballistics
Miami, Florida
13 September 2011
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Reinforced HE fills may be required if one or more of the

following is true:

« Setback acceleration is extreme(")

« Fill material density is high

» Fill material strength is weak

* Fill material bonds poorly to sidewall

* A minimum mass of HE is required necessitating a reduction in warhead
sidewall thickness

« Warhead sidewall burst strength is low

Reinforced HE fills may be required if the warhead sidewall
is unable to support the HE fill during gun launch

(1) Burns, B. P., “Positive Approaches for reducing the in-bore axial launch stress in projectile high
explosive fills,” ARBRL-MR-03055, Aug 1980.
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HE fill is a dense, weak, and soft material

Assume HE is a fluid to approximate pressure
loading on the sidewall

For assumed max density of 0.234 Ib/in3
(6.5 g/cc) the resulting max pressure is

Prnax 38 ksi under 13 kG setback

o This pressure loads the sidewall and results in the hoop

T stress o, the critical design parameter.
Prnax A considerable amount of hoop-strength and/or thickness
l is needed to resist this large internal pressure

WARFIGHTER FOCUSED.



105 mm Munition
rn=1.75in.
r,=2.00 in.

P, = 38 ksi

P,= 0 ksi

Lame’s Equations simplify to (P,= 0)

2.2 2
-r'r, P v,

1

o = + ’ P
(=) (P -rt)

l

2.2 2
__nn Ko 5 5
2 2 2 2 2 l
(v, =1 )r (r,—r")

O,

Hoop stress is a order of magnitude
greater than radial stress
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HE fill properties for elastic-perfectly plastic material model
« density p = 0.234 Ib/in3 (6.5 g/cc)

* elastic modulus E = 1.4 Msi

* yield strength o= 4000 psi

2 Boundary Conditions Considered
* Perfectly bonded - HE fill is permanently bonded to sidewall
« Sliding contact — HE fill is permitted to slide relative to sidewall

FE results indicate that the maximum produced pressure under
13 kG is more severe for the sliding contact boundary
configuration than the tied contact boundary configuration.
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Densities of
Interest

Fluid
Approximation

\ ——

Load on sidewall depends more on boundary condition and
less on yield strength of HE material

Thin wall stress approximation uses ¢,=175 ksi in required wall thickness calculation



CONCEPT: use a honeycomb structure to support/confine dense HE fill
thereby limiting the load on the warhead sidewall.

Advantages
« Simple design and fabrication
« Honeycomb fragments are expected to be low collateral

Disadvantages

 Detonation wave propagation may be an issue

« Honeycomb (marginally) reduces payload volume
* Void formation in the HE will have to be managed

Warhead sidewall not shown
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Quasistatic FE Model
* 10 kG setback is prescribed
 The HE fill mesh is tied to the reinforcement mesh

* Cylindrical coordinate system is defined
* Symmetry is prescribed

u(r,*/-05,2z) - ng=0 —
* Nodes located on warhead rear face are fixed Symmetry
Planes

u(r,0,0) = (0,0,0)
» Steel warhead material is linear elastic
* Aluminum reinforcement material is linear elastic
and constitutive thickness is 1/32”
* Fill material is a dense, incompressible
hyperelastic HE fill

Hyperelastic

Two Configurations stress-strain curve

 Tied — HE material is perfectly bonded
to the warhead
« Sliding — slip is allowed between the HE
material and the warhead
WARFIGHTER FOCUSED.



Reinforcement reduces maximum hoop stress by ~65%
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Reinforcement reduces maximum hoop stress by ~38%
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HE Tied to Sidewall HE Slides Relative to Sidewall

von Mises stress is less than von Mises stress is approximately
aluminum yield stress equal to the aluminum yield stress
WARFIGHTER FOCUSED.

HE is always tied to reinforcement structure



Steel Sidewall Maximum Stress Values

WARFIGHTER FOCUSED.



The reinforcement analyses indicate that honeycomb is
effective in reducing the loading on the warhead
sidewall for both tied and sliding configurations

Cursory analyses investigating the effect of honeycomb

material and cell wall thickness predict further reduction

in the sidewall loading and increased structural integrity
of the reinforcement

The design path forward exists and the loading
resulting from the dense HE fill during gun launch can
be managed.

WARFIGHTER FOCUSED.



Thank you.

Questions?

Michael Minnicino

U.S. Army Research Laboratory
Aberdeen Proving Ground, MD 21005
michael.a.minnicino@us.army.mil
410-306-1919

WARFIGHTER FOCUSED.

























































Problem

» Is it possible for a build up of dangerous/lethal high-pressure regions

inside a vehicle hit by an EFP?



Problem definition

» If complete perforation is assumed, three mechanisms studied:
— Shock from penetrator.
— Shock from detonation.

— Pressure induced by plate vibrations.

o Effects such as chemical reactions, ref. Heine & Wickert, ESW

2008, is not considered

* Purely numerical study



Setup

 Ageneric EFP was modeled in ANSYS AUTODYN

« Charge mass 1 kg TNT
* Liner mass 250 g Cu



Slug

e V~1300 m/s

« Reaches stable configuration after ~ 0,75 ms.



Target

» To simplify the problem, a stand-in target for a vehicle was chosen.

» Slug perforated all target thicknesses.

 \Worst case scenario, 5 mm steel, was studied in more detalil



Injury Criterion

K
pi(t) —’\/\/\/—E éo
—_ g
|
* Axelsson
d?x dx
1 e _EE_KXZA

« Single point approximation used

Name Explanation
A Effective area
M Effective mass
Vo Lung gas volume at x=0
J Damping factor
K Spring constant
Po Ambient pressure
pi(t) External (blast) loading pressure
Potung(t) Lung pressure
g Polytropic exponent for gas in lungs
x Chest wall displacement

(p(r] +Po— (3

I JFP
— Ax e

ASIT = (0,124 + 0,117V, )>%*




Penetrator Shock

* Impact of the target was simulated using Lagrange parts, slug

then remapped to Euler grid to speed up simulation
» After penetration, slug velocity was about 1100 m/s.

« Slug travelled the length of the volume, while pressure was

logged at various gauge points.

84880402 1qg

7.956e-+02
7425412
B.895e+02
B.365e-+012
58346412
—  5304e+02

2652e+02
2.122e412
1.591e+02
1.061e+02
5.304e+01




Pressure [kPa]

Pressure and Chest Wall Velocit
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Three pressure profiles, very close to trajectory of the slug.

High peak pressure, low duration.

r
0.012

r
0.014

I I
0.016 0.018 0.02

Solving Axelsson yields a very low chest wall velocity, ASIl .« = 0,0066

Trace to slight injury = 0,2 — 1,0 ASII



Detonation Pressure

« Typical stand-off distance of 3 m chosen.

« 1D simulation of 1 kg TNT, remapped to 2D after 1,6 ms.

« Euler grid:
— 10 mm x 10 mm grid size, 1 mm x 1 mm near symmetry axis
— Cylinder walls reflect perfectly
— 20 mm hole from penetration

 Axelsson subroutine for AUTODYN



Pressure Propagation

105

T : : : :
— Pressure gauge #2, x = 1000 mm, y = 0 mm
— Pressure gauge #6, x =0 mm, y = 250 mm
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Cycle D
Tirme 0.000E+000 ms

Units rmm, mg, ms
Axial symmetry

» Peak pressure at hole = 170,5 kPa



ASI| Levels

« Highest value along symmetry axis, LOS from point of penetration.
«  MaxASIl = 0,0096 at opening

— No injury
« Trace to slight injury = 0,2 — 1,0 ASII

* Far from lowest injury level



Plate Vibrations

* The impact of the slug on the target incites

vibrations and movements in the plate.

« The 5 mm steel plate exhibits the strongest

vibrations.

* Acts as a piston the air inside the volume.




Plate Vibrations - Theory

 From acoustic theory, a circular piston oscillating at
U(t) = Uge't

sets up a pressure p at a distance r:

U, . 1 .
p(?’, g’ t) — i'pDCTDEEMEI _Fei[mt—krr]ds
T
s

* Along the symmetry axis this is solved to give:

p(?", 0, t) — IO'[}CU{} (1 _ E—fk(x-"r2+a2—r))eff:mt—h'l"j

where a is the radius of the piston.



Plate Vibrations - Complications

50~

40~
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Velocity in X-direction [m/s]

10+

0

-10-

-20 [ [
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« The perforated plate does not oscillate harmonically.

« Not uniform oscillation along radius of the plate.



Plate Vibrations - Approximation

« Assume piston velocity term can be factored out:

p(r’ 0’ t) = pyC (1 . E—fk(“-."'r2+¢12—r))e—fkr' V(t)

in which case we can use the velocity profiles.

» The wave number k is still unknown

— Approximation by curve fit, ex. the velocity profile at r = 100 mm gives k

= 3/m.
« Assume this profile is valid over the entire plate

— Conservative estimate



Plate Vibrgtions — Calculated Pressure

3X

= =50 mm
=1 =100 mm
=r =150 mm ||

[ [
0 0.5 1 15
Time [ms]

» Overpressure calculated 1 m from plate for three velocity profiles
« Fairly high peak overpressure, but short duration

 ASII =0,0057 << 0,2 (Trace to slight injury)



Conclusion

Penetrator shock:
— Pyax = 160 kPa (Overpressure)
— ASll;ax = 0,0066

Detonation shock:
— Pyax = 70 kPa (Overpressure)
— ASll;ax = 0,0096

Plate vibrations
— Pyax = 28 kPa (Overpressure)
— ASlly.x = 0,0057

Very far from lowest ASII injury level
* Trace to slight injury: ASII =0,2-1,0



Conclusion

» Possible sources of error:
— Short duration - Questionable validity of Axelsson
— Single Point Approximation

— Numerical artifacts

« Combination and interaction of the effects have not been considered



THANK YOU!
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Outline of the Study

Objective

To prove the relevance of aerodynamic coefficients extraction based on
ultra-short trajectories (10 to 20 cm) observed in shock-tunnels.

Means and Techniques

» Reference model (EFP)

www.isl

= Shock-tunnel facility (supersonic regime) )
. Fl t (velocit Free-flight
ow measurement (velocity, pressure) Force
= Optical set-up (motion visualization and recording) > Measuring
: : . FFM)
.- trajectory track (
mage processing (trajectory tracking) Technique

» Data extraction (model-based fit process) y

FRENCH-GERMAN RESEARCH INSTITUTE OF SAINT-LOUIS
© ISL 2010 - All rights reserved conform to ISO 16016 26t ISB — Sept. 12-16, 2011 — Miami, FL, USA 2




Reference Model

= 12.8 mm caliber Explosively Formed Projectile (EFP)

» Stable in supersonic regime, small size of full scale model, simplicity
of manufacturing

= Full aerodynamic data from Mach 3.2 to Mach 5.5 defined using
free-flight analyses, wind-tunnel measurements and CFD results
(references: ARL 1998, ISL 1999)

= Three models: 1- steel, 2- steel body + tungsten nose, 3- Dural

FRENCH-GERMAN RESEARCH INSTITUTE OF SAINT-LOUIS
© ISL 2010 - All rights reserved conform to ISO 16016 26t ISB — Sept. 12-16, 2011 — Miami, FL, USA
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ISL Shock-Tunnel Facility

= STA and STB shock tunnels

» Nozzle Mach numbers: 3 to 14

» Nozzle exit diameters: 130 to 400 mm
= Stationary flow conditions: 2 to 4 ms

» Constant Mach number: 15 ms

FRENCH-GERMAN RESEARCH INSTITUTE OF SAINT-LOUIS
© ISL 2010 - All rights reserved conform to ISO 16016 26t ISB — Sept. 12-16, 2011 — Miami, FL, USA 4
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Measuring the Flow Conditions

» The flow Mach number is constant during 15 ms until the gas driver
arrives to nozzle

- the aerodynamic coefficients are fixed during the testing time

= The flow velocity and pressure are to be recorded because the flow
conditions are not stationary

> time history of the dynamic pressure: %p(t) u* (1)

ISL Laser Doppler Velocimeter Wall pressure gauge

FRENCH-GERMAN RESEARCH INSTITUTE OF SAINT-LOUIS

© ISL 2010 - All rights reserved conform to ISO 16016 26t ISB — Sept. 12-16, 2011 — Miami, FL, USA
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Flow Measurements at Mach 3
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Optical Set-up

Two cameras are
used to visualize the
motion of the model
in the horizontal and
vertical planes.

FRENCH-GERMAN RESEARCH INSTITUTE OF SAINT-LOUIS
© ISL 2010 - All rights reserved conform to ISO 16016

motion visualization.
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Compared to a standard
shadowgraph set-up, the
image of the object is
sharply focused onto the
camera using parabolic
mirrors to improve the
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Observation Sequences

Videos and pictures are taken with two ultra-high speed Photron cameras to
observe the model displacements in the vertical and horizontal planes.

- 12500 frames per second: time interval 80 s

- Time exposure: 1 ys (no motion blur)

EFP Model #1 at Mach 3, Vertical plane, AOA = 0°
Duration = 10. 72 ms, Displacement = 13.60 cm

FRENCH-GERMAN RESEARCH INSTITUTE OF SAINT-LOUIS
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Testing Section Limit

The testing section is limited by the Mach cone generated by the Laval nozzle.
The section size increases with the nozzle exit size and the Mach number.

e (Machy)

———(—I‘\)I‘ach 7)

FRENCH-GERMAN RESEARCH INSTITUTE OF SAINT-LOUIS
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Image Processing

Tracking of three reference points:
- Trajectory of centre of mass
- Angular motion

Harris method based on local contrast
detection:

- Specific pattern detection with proper
directions (Eigen value analysis)

- Path of analysis windows is predicted
to prevent loss of reference point

FRENCH-GERMAN RESEARCH INSTITUTE OF SAINT-LOUIS

© ISL 2010 - All rights reserved conform to ISO 16016 26t ISB — Sept. 12-16, 2011 — Miami, FL, USA
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Motion Tracking Example

EFP Model #1 at Mach 3, Horizontal plane, AOS = 3°
Duration = 10. 72 ms, Displacement = 13.60 cm

FRENCH-GERMAN RESEARCH INSTITUTE OF SAINT-LOUIS

© ISL 2010 - All rights reserved conform to ISO 16016 26t ISB — Sept. 12-16, 2011 — Miami, FL, USA 11
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Data Extraction Methodology

Basic methodology

The theoretical motion of the model is computed by means of a simple

2"d order Runge-Kutta integration using the time varying flow conditions.

Aerodynamics coefficients are estimated by comparing theoretical and
observed motions using a least-square fit process.

Drag force coefficient

Theoretical x-axis acceleration (C,=1): v = % P u2%
Initial conditions: v, =0, x, =0
Quasi-linear fit between the observed and computed x values:
x,,.= Cp(l —e ™ )x+d
o |—> Origin shift

Non-linear fit at the beginning of the trajectory
due to transient flow phase and support removal

FRENCH-GERMAN RESEARCH INSTITUTE OF SAINT-LOUIS
© ISL 2010 - All rights reserved conform to ISO 16016 26t ISB — Sept. 12-16, 2011 — Miami, FL, USA
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Drag Coefficient

Observed displacement (cm)
Data Slope

0 2 4 6 8 10 12
Computed displacement (cm)

022 .9, % ° ®...9.6..9
A¥2Y L

o Qi @y (@]
0 “o.. “o “%‘OOVCDO%CD""%
o ©O (o)
o

2 4 6 8 10
Computed displacement (cm)

EFP Model #1 at Mach 3

Observation time
Observed displacement
Extracted drag
Reference drag

FRENCH-GERMAN RESEARCH INSTITUTE OF SAINT-LOUIS
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1.36
1.35
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Drag Coefficient .
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Mach Number

“Heavy” models 1 & 2 compares extremely well with the reference data

FRENCH-GERMAN RESEARCH INSTITUTE OF SAINT-LOUIS
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Data Extraction Methodology

Pitching moment and pitch damping coefficients

. Sd . d
Theoretical angular acceleration: @ = % pou’ A (Ci“‘ sina + % Cﬁq) 5(&)
t

Initial conditions: @, =0, &,

The time-shift 6 (¢,) at the beginning of the trajectory takes into account
the transient flow phase and the influence of the support removal.

Cycle through the fit parameters to minimize the sum of square errors.

Static margin and normal force coefficient

These coefficients can be analytically computed using the pitch moment
coefficients that are extracted from two models with different center-of-
mass positions.

FRENCH-GERMAN RESEARCH INSTITUTE OF SAINT-LOUIS
© ISL 2010 - All rights reserved conform to ISO 16016 26t ISB — Sept. 12-16, 2011 — Miami, FL, USA
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Angle (deg)

Pitching Motion Coefficients

EFP Model #1

No damping coef. .

0 5 10
Time (ms)

Model ty (ms) 0, (deg)

1 0.4 6.0
2 0.4 2.7
1=l
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Pitching Moment Coefficient Slope
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Mach Number

Experiments to be conducted at Mach 4.5 to increase model stability
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Summary and Outlook

The innovative Free-flight Force Measuring (FFM) technique covers
a wide range of skills: shock-tunnel facility, flow condition
measurement, high-speed video observation, image processing and
aerodynamic data reduction.

The FFM technique was successfully tested against three reference
EFP models at Mach 3.

The extracted drag coefficients compare extremely well with the
reference data. The pitching moment and pitch damping coefficients
compares fairly well.

Further experiments will be conducted at Mach 4.5 very shortly.

The mid-term goal is to provide a low cost facility to extract the
aerodynamic coefficients of projectiles or air vehicles operated in the
supersonic and hypersonic regimes.

www.isl
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Introduction

e The ballistics of artillery shells is, among other factors, dependent on
the aerodynamic drag

e Aerodynamic drag is again dependent on the shape of the projectile
and the flight conditions, i.e. the two well-known aerodynamic
parameters Mach number and Reynolds number

e The shape of a modern projectile is a compromise between
aerodynamics and structural concerns, especially during the initial
blast

e Usually the drag, Cy, of a blunt body is divided into forebody drag,
Cppv @nd base drag, Cpy

CDO — CD

pV + CDbO

— Forebody drag — skin friction and pressure drag
— Base drag — pressure in base area lower than ambient pressure
— The base drag is approximately 50% of the total drag.
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Base drag reduction

e Base drag reduction achieved by
— Afterbody boat tailing
— Base bleed
— Vortex supression devices
— Combination of above devices
= Active or passive flow control technigues basically manipulate or alter

the near-wake flowfield for an increase in base pressure and
consequently reduce base drag

Nammo Raufoss Proprietary Information



Subsonic flow out
Base Bleed 2 of basebleed unit

e Base bleed is a gas generator producing hot gas in the aft end of the
projectile
e The aim of the base bleed is to fill up the wake zone behind the

projectile and thus increase the base pressure. Increased base
pressure reduces the base drag and gives increased shooting distance

for the projectile
e For projectiles in service, the shooting distance can be increased by
20-30% due to reduced base drag
e Flow out of base bleed unit is subsonic
— Internal ballistics coupled to external base pressure

— Base pressure controls base drag

— Coupling between base drag and internal ballistics often given through
empirical expressions due to a lack of understanding of viscous-inviscid
flow interactions between a near-wake flow and a freestream
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Physical modeling

Established a physical model for the coupling between base drag and
base bleed internal ballistics
— CFD computations using various turbulence models in the wake zone have
been performed
The first objective was to use computational fluid dynamics (CFD) to
establish a numerical model capable of accurately predicting the drag
In the supersonic range for the inert shell and yield a proper response
to the increasing base bleed flow rates
— For the verification of the CFD model, radar measurements were available
for the 155 mm Heer Mk 2 artillery shell
The second objective was to investigate the combined effect of
afterbody shape and gas vent design on the net drag

— The nozzle area, the length and diameter of the projectile were kept
constant

— Shape and location of the gas vents were modified
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Heer Mk2 projectile
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CFD modeling

e The analyses were carried out with two CFD codes
— Commercial available STAR-CCM+
— In-house developed code CFDnFlow for compressible flows on structured,
multi-block, body-fitted grids
— Both codes have the option of using the Reynolds Averaged Navier-Stokes
(RANS) or the detached eddy formulation (DES)

e Various turbulence models were applied to the base flow problem,
from k-epsilon to Reynolds stress models based on the Reynolds-
Averaged Navier-Stokes (RANS) equations to the instantaneous
Navier-Stokes equations with DES
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Grid - model

e To obtain grid- independent results, several grids of different size and
resolution were used during the project

. CFDnFlow axisymmetric grid
polyhedral volume grid

from STAR-CCM+
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10

CFD analysis of projectile without base bleed

Ma._,

1.5

The aim of the base bleed
is to fill up the wake zone
behind the projectile and
thus increase the base
pressure
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Results — Inert base bleed

e The initial axisymmetric computations served the purpose of
evaluating turbulence models for the comparison of computed drag
coefficient with those from radar-doppler measurements (black curve)

Heer Mk2 - No base bleed
0.40

R~
N
|

Cd[-]

/ ‘2 J —+-Cd, k-epsilon
0.15
—4—Cd, KW-SST
4
0.10 < Cd, KW-SST-ZDES
0.05 -#-Cd, STAR-CCM+
—#-Heer Cd 23.04.02
0.00
0.5 1 1.5 2 25 3

Mach Number
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Results — Inert base bleed — turbulent mixing

e From experience we suspected that the turbulent mixing in the wake
might be too high, so we decided to pursue the use of detached eddy
simulations (DES) in the wake

— High level of turbulent mixing for the k-o-SST and for the k-¢ model

— Results produced by the DES version of the k-o-SST model showed much
less turbulent mixing and more detailed resolution of the flow structures in
the wake

— DES modelling was used in the base bleed studies

Computed turbulent viscosity ratio at Mach 2.5 with the k-©o-SST model (left),
and the k-o-SST-DES model (right), without mass injection
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= Drag reduction factor, C 4

Effect of base bleed

The base bleed was simulated with mass injection of hot gas in the
cavity at the base of the projectile

The mass flow injection is characterized through the injection parameter

The injection parameter | is defined as the ratio of the injected mass flow
rate and the “free stream” mass flow passing through the base area of the
projectile

— Injection parameter I, range | = 0-0.01 [ =

m,

IoooVooAb

Py Pro
— Subscript «b» denotes active base bleed

C _ _1 CDb - poo poo
— Subscript «b0» denotes inert base bleed red fdr - -

P
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Drag reduction factor using DES turbulence
modeling

Comparison of STAR CCM+ and the CFDnFlow results showed
common trends but also some variation

— The maximum drag reduction coefficient was found to be roughly 0.4-0.6
for base bleed rates of 1=0.006-0.008

Cred, CFDnFlow2D vs STAR-CCM+
0.6

~#—-CFDnFlow, M=2.5

CFDnFlow, M=2

0.5 —&-CFDnFlow, M=1.5
StarCCM+, M=2.5 /

StarCCM+, M=1.5

0.000 0.002 0.004 0.006 0.008 0.010

Base Injection Parameter, | [-]
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Validation of results

< The computed drag reduction factor, f , versus injection parameter
and flight Mach number were introduced into an in-house developed
trajectory model where the effect of the base bleed was included

— The model uses the inert aerodynamic properties (drag versus flight Mach
number) of the projectile as input

— Once the inert aerodynamic properties have been determined, the base-
bleed model which computes the gas generator influence on aerodynamics
Is invoked

= This model computes the mass flow, base pressure and gas generator chamber
pressure, using iteration, starting with an initial estimate of the base pressure
e Results from trajectory analyses using drag reduction factors from
CFD analyses are compared with firing results at 27° and 61°
elevations
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Drag Coefficient

Comparison firing results and trajectory
analyses

Cd vs. Mach Cd vs. Mach
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Optimization of base bleed

Due to the high local velocity in the vortex giving rise to suction in
the base, it was decided to try slowing the vortex to recover some of
the dynamic pressure and, hence, reduce the base drag

Mach=2.5, 1=0, no injection Mach=2.5, 1=0.004, with injection

Nammo Raufoss Proprietary Information



Effect of base cavity

Most efficient with Rc=60mm

Rb=72.3mm

Re

Rb
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Effect of gas vent layout

Most efficient with a hollow base having a thin rim protruding

Nammo Raufoss Proprietary Information
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Conclusions

Numerical tools was applied to the prediction of the 155mm Heer
artillery shell performance, both in terms of projectile drag without
base-bleed and the drag reduction with such a device

— Two CFD codes for compressible flows were engaged, the in-house
developed CFDnFlow code and the commercial available STAR-CCM+

— Comparison of drag with available firing data showed good agreement for
all supersonic speed

— DES modelling approach improved the predictions of the effectiveness of
the base-bleed device on base drag reduction

By computing the drag reduction coefficient empirical expressions for

base drag was derived enabling complete trajectory simulations

— The computed trajectories for two elevations compared well with available
firing data

Using the CFD tools, the shape of the base was modified to achieve

better pressure recovery, thus reduced base drag

— Among the analyzed configurations, the one with a hollow base having a
thin rim protruding was most efficient

Nammo Raufoss Proprietary Information
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Introduction

B Significant weight reductions when transparent ceramic is used as

strike face on a glass-polymer laminate
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Introduction

B High ballistic resistance is related to projectile deformation and erosion

®m Ability to deform and erode the projectile depends on damage and failure
mechanisms in target material

B Fragmentation of ceramic and glass layers plays a key role

(Moving) average fragment size versus time
[
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Edge-On Impact Test Configuration

Close-up view of test
sample set-up




Test Matrix

Sapphire crystal geometry
and nomenclature

Schmidt and Harris, 1998;
J. Am. Ceram. Soc. 81(4)

Impact Direction Large Surface Projectile EMI Test #

_ sphere 17074

1 a-axis (parallel) c-plane _
cylinder 17071
_ sphere 17075

2 a-axis (parallel) r-plane _
cylinder 17069
3 c-axis (parallel) a-plane sphere 17076
cylinder 17070
c-axis (perpendicular) a-plane sphere 17077

5 Edge surface r-plane sphere 17359




Sphere Impact

Impact velocity: 453 m/s




Path-time history of fracture propagation

Sphere impact parallel to a-axis; large surface c-plane
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Cylinder Impact

parallel to a-axis; large surface c-plane; v, = 393 m/s




Path-time histories of fracture and wave propagation

Cylinder impact parallel to a-axis; large surface c-plane
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Comparison of Damage and
Cleavage Controlled Crack Propagation

Sphere impact
Parallel to a-axis
Large surface r-plane
Vg = 457 m/s





Comparison of Damage and
Cleavage Controlled Crack Propagation
Sphere Impact, v¢ = 450 m/s

Parallel to a-axis; Large surface r-plane
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Evidence of cleavage controlled crack propagation

Sphere impact, vg = 450 m/s

Parallel to c-axis; Large surface a-plane




Cleavage energies

Cleavage plane Theoret. Experimental | Fracture
Cleavage cleavage toughness
surface energy
energy
[J/m?] [J/m?]

c-plane  (0001) basal plane 21.54 4.54

r-plane (1011) eIl ~6.5 6.45 2.38

plane

m-plane (1010) prismatic plane 11.43 3.14

From R. Bradt: “Cleavage of Ceramic and Mineral Single Crystals”, George R. Irwin Symposium, 1997




Fracture propagation in sapphire under ballistic impact

(1120)




Conclusion

B Edge-on impact tests have been conducted in order to generate a set of
baseline data for fracture and wave propagation in Sapphire of different crystal
orientation.

B At impact of steel cylinders fracture patterns were observed, similar to those in
polycrystalline materials.

M In case of impact of spherical steel projectiles, fracture mainly followed
cleavage planes of the crystal.

M Crack velocities were determined:
Maximum average crack velocity: 5438 m/s
Minimum average crack velocity: 3700 m/s




Overview of Analyzing Firearm, Tool Mark
and Impression Evidence at the Miami-
Dade Police Department
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Introduction and Fundamental
Principles

(Part 1 of 8)



Firearm and Tool Mark Identification vs.
Forensic Ballistics

Ballistics deals with the motion of a projectile and
the forces which cause and affect this motion.

Firearm and Tool Mark Identification is not
concerned with this, but rather the marks imparted
from the gun to the bullet and/or casing.

“Forensic Ballistics” Is therefore an improper term
that Is used, although incorrectly, to describe this
discipline of Forensic Science.

Practitioners prefer the title of “Firearm and Tool
Mark Identification” instead of “Forensic Ballistics.”




Evidentiary Value

A component of ammunition (casing and/or projectile) from
the crime scene can be identified to the firearm that fired it to
a reasonable degree of scientific certainty.

A firearm leaves it’s unique “fingerprint” on components of
ammunition fired in that firearm. This “fingerprint” is in the
form of unique impressions or striations also known as a tool
marks.

Casing or projectile evidence from a crime scene identified to a
firearm in the possession of a potential suspect would
represent strong evidence against that suspect.


http://images.google.com/imgres?imgurl=http://www.discoveriesinmedicine.com/images/mdis_0000_0003_0_img0101.jpg&imgrefurl=http://www.discoveriesinmedicine.com/Hu-Mor/Magnifying-Glass.html&usg=__GTw4I2T4l-L-JcwIhrUA2sP-TcY=&h=323&w=318&sz=24&hl=en&start=36&tbnid=kbmTd0XEamIsaM:&tbnh=118&tbnw=116&prev=/images%3Fq%3Dmagnifying%2Bglass%26gbv%3D2%26ndsp%3D20%26hl%3Den%26sa%3DN%26start%3D20�

Components of Ammunition (anatomy of a
cartridge)
N
bullet/projectile
casing
gunpowder
head of casing

O

O O O
a kbR

primer

O

o After firing, one cartridge
becomes two pieces of
evidence (a projectile and a
casing)




Connection to Interior Ballistics

Firearm and tool mark examiners are concerned with what
happens inside the chamber and bore during the firing
sequence.

While the ballistics industry Is interested in optimizing the
performance of a load by studying breech pressures and
primer efficiency. FA-TM examiners are interested in the
Impressed or striated markings left on the ammunition
components from the interior (breech, chamber, barrel) of the
gun.

These marks are transferred to the surface of ammunition

components as a result of the pressures involved with setting
Nnff a2 1init of ammiinitiaon



Search for fired evidence

It Is Important that the crime scene investigator
IS thorough In his/her search for fired evidence.
Ejected casings:

Behind, under, and on top of furniture (inside)

In grass, under parked cars (outside)

If firearm fired Iin car...between cushions, under
seats, down dash board



Search of fired evidence (cont.)

Projectiles can be found in walls, tree bark, the
ground, within a body (medical examiner),
within car cushions or furniture cushions, etc.,
etc.

Spent projectiles will have land/groove
markings.

Fired casings will have breech face marks,
firing pin Impressions, extractor marks, ejector
marks, chamber marks.



Fundamentals of Firearm &
_Toolmark Identification

Definitions

Fundamental Propositions (1 & 2)
Examination Method

Range of Conclusions



Definition:
Firearm & Toolmark Identification
]

An empirical comparative analysis that can
determine If a striated or impressed mark was
produced by a particular tool.



Definition: Tool

The harder of two objects that comes into
forceful contact with one another, resulting in
the softer object being marked.



Definition: Toolmark

Features imparted on an object by the contact
and force exerted from a tool.

Two Types:

Impressed Toolmarks
Striated Toolmarks



Definition: Impressed Toolmark
_

Features produced when a tool contacts an
object with enough compressive force that it
leaves an impression.



-Definition: Striated Toolmark

Features produced when a tool contacts an
object with lateral force and motion.




The Science of Firearm & Toolmark
Identification is based on two fundamental
propositions:



Proposition #1

Toolmarks imparted to objects by
different tools will rarely if ever display
agreement sufficient to lead a qualified
examiner to conclude the objects were
marked by the same tool. That s, a
gualified examiner will rarely if ever
commit a false positive error
(misidentification).




Pattern Matching

FA-TM examiners use pattern matching.

Pattern matching: A visual comparative
examination of the topographical features of two
different toolmarks.

The relative height or depth, width, curvature, and
spatial relationship of the features are defined for
one toolmark and are then compared to the
corresponding topographical features in the other
toolmark.




Proposition #2

Most manufacturing processes involve the
transfer of rapidly changing or random marks onto
work pieces such as barrel bores, breech faces,
firing pins, screwdriver blades, and the working
surfaces of other common tools. This is caused
principally by the phenomena of chip formation
and tool wear, or by electrical/chemical erosion.
Microscopic marks on tools may then continue to
change from further wear, corrosion, or abuse.




Manufacturing operations create
microscopic random imperfections on/in
work pieces that give rise to the
individual characteristics on bullets and
cartridge casings.

This Is even true with firearm
components manufactured In
consecutively.



Definition: Class Characteristics

General and/or measurable
features of a specimen which
Indicate a restricted group
source. They result from design
factors, and are therefore
determined prior to manufacture.



Examples of Class Characteristics

Known Source: Questioned Item:
Rifling Bullet



Examgles of Class Characteristics

Corresponding Blade
Dimensions



Definition: Subclass Characteristics

Features that may be produced
during manufacture that are
consistent among some items
fabricated by the same tool. These
are not determined prior to
manufacture and are more
restrictive than class characteristics.



Example of Subclass

3




How are individual characteristics
produced.?

These random imperfections or
Irregularities can be produced

by:

Manufacture
Wear from Use
Wear from Abuse



Example of Individual Characteristics
from Manufacture




Example of Individual Characteristics

from Wear
1

Use Abuse




Examination Process
I

Level 1 analysis - Class Characteristics

Elimination, but not individualization, can occur
here




Examination Process

Level 2 analysis - Comparison Microscopy
Individualization occurs only here




The Comparison Microscope

The comparison microscope serves as the single
most important tool to a firearms examiner.

Two bullets or two casings can be observed and

compared simultaneously within the same field of
view.

The longitudinal striations between two bullets must
coincide for there to be a match.

The breech face impressions and/or firing pin
Impressions must coincide for there to be a match
between two casings.







Range of Conclusions
N

o ldentification

o Inconclusive

o Elimination



ldentification with unigue marks.

Unique variations and irregularities caused by
scratches, nicks, breaks, and wear may permit the
forensic scientist to relate:

A spent projectile to a firearm (striations), a fired casing to
a firearm (impressions)

A scratch or abrasion mark to a single tool (striated and
Impressed)

A tire track to a particular automobile, a shoe print to a
particular shoe (both impressed)



Bullet Comparisons (Part 2 of
8)



Firearm Barrel Markings

The inner surface of the barrel of a gun leaves
its markings on a bullet passing through it.

These markings are peculiar to each gun.

The gun barrel is produced from a solid bar of
steel that has been hollowed out by drilling, then
reaming.

The microscopic reaming marks left on the
barrel's inner surface are randomly irregular and
serve to impart a unigueness to each barrel.



Firearm Barrel Markings

The manufacture of a barrel also requires
Impressing its inner surface with spiral grooves, a
step known as rifling.

The surfaces of the original bore remaining
between the grooves are called lands.

The grooves serve to guide a fired bullet through
the barrel, imparting a rapid spin to insure
accuracy.




Firearm Barrel Markings

The diameter of the firearm barrel, measured
between opposite lands, Is known as caliber.

Once a manufacturer chooses a rifling process, the
class characteristics of the weapon’s barrel will
remain consistent, each will have the same
number of lands and grooves, with the same
approximate width and direction of twist.




Cross-section of a barrel with six grooves. The diameter of
the bore is the caliber.



Lands and grooves
give a spinto a
projectile allowing it
to stay true on its
trajectory.

Lands and grooves
are made during the
manufacturing
process.



o Segment of a broach cutter




(Top) Cross section of a .22-caliber rifled barrel.

(Bottom) Button used to produce the lands and
grooves in the barrel



Evidence bullets (different levels

received conditionz
1

o Pristine - Damaged - No comparison
value



Making Standards

A suspect firearm is test fired
Into a water filled tank.

The spent projectile is
recovered from the bottom of
the tank.

The fired casings are
collected off the floor of the
room containing the tank.

These known standards are
used to compare to unknown
evidence.



“Pristine” projectile from water tank, great

for comparison.
_

o Abulletis
Impressed with
the rifling
markings of the
barrel when it
emerges from
the weapon.



Class Characteristics (Bullets)

Twist direction (right or left)

Number of lands and grooves (# lands =
# grooves)

Caliber (9mm, .40 S&W, .357 Magnum,
.380 Auto, .45 Auto)

Land width, Groove width



Striations

Striations, which are fine lines found in the interior
of the barrel are impressed into the metal as the
negatives of minute Imperfections found on the
rifling cutter’s surface, or they are produced by
minute chips of steel pushed against the barrel’s
Inner surface by a moving broach cutter.

These striations form the individual characteristics
of the barrel.

It is the Inner surface of the barrel of a firearm that
leaves its striation markings on a bullet passing
through it.



- Photomicrograph of two bullets that match as viewed
through a comparison microscope. The test bullet is on the
right; the questioned is on the left.



Casing Comparisons (Part 3
of 8)



Fired Casings
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Unfired casing head/primer view vs. fired

primer
S


http://www.afte.org/ExamResources/gallery2/v/Headstamp-Gallery/Letters_001/F/frontier.jpg.html�

Breech face, extractor, and firing pin aperture
(window for firing pin protrusion).

These parts are all products of a manufacturing
process.
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Firing a Weapon

The act of pulling the trigger serves to release the
weapon'’s firing pin, causing it to strike the primer,
which in turn ignites the powder.

The expanding gases generated by the burning
gunpowder propel the bullet forward through the
barrel, simultaneously pushing the spent cartridge
case or shell back with equal force against the
breechblock.

The shell is impressed with markings by its contact
with the metal surfaces of the weapon’s firing and
loading mechanisms.



Cartridge Case Comparison

The firing pin, breechblock, ejector and extractor
mechanism also offer a highly distinctive signature for
individualization of cartridge cases.

The shape of the firing pin will be impressed into the
relatively soft metal of the primer on the cartridge
case.

The cartridge case, In its rearward thrust, Is
Impressed with the surface markings of the
breechblock.




Impression marks

The negative of one surface being imparted
onto a second, softer surface.

A mark, indentation, figure, etc., produced by
pressure.

Examples include BFMs, FPIs, Ejector marks.



Cartridge Case Comparison

Other distinctive markings that may appear on
the shell as a result of metal to metal contact are
caused by the:

Ejector, the mechanism in a firearm that throws the
cartridge or fired case from the firearm.

Extractor, the mechanism in a firearm by which a
cartridge of a fired case is withdrawn from the firing
chamber.

Magazine or clip, the part of a firearm that holds the
bullets.



Class characteristics (Cartridge
Casings)

Firing pin impression (Hemispherical,
Elliptical, etc.)

Breech face marks (cross-hatched,
parallel, arcs, etc.)

Ejector Marks (wedge shaped,
circular, etc.)



Class characteristics
]

71 Arched BFMs

- Hemispherical
~PI
o FPIlis of the

concentric
circle class




Examples of an Elimination based on differences in
Class Characteristics
N



Shotguns

Unlike rifled firearms, a shotqun has a smooth barrel.

Shotguns generally fire small /lead balls or pellets that
are not impressed with any characteristic markings
that can be related back to the weapon.

Shotgun shells can be compared for firing pin and
breech face marking.

The diameter of the shotgun barrel is expressed by
the term gauge.

The higher the gauge number, the smaller the
barrel’'s diameter. (a 12ga. has a larger barrel
diameter than a 20ga.)




- Cross section of a loaded shotgun
shell



Comparison

The test fired casings and projectiles are then
compared to the casings and projectiles from
the crime scene.

This is done with a comparison microscope.



o (Left) Identification between firing pin impressions on two
different casings fired from one firearm.

o (Right) Identification between breech face markings on
two different casings fired from one firearm.

o Elliptical FPI shown above.



i ' - .

o Lack of sufficient agreement



Individual Characteristics

o Example of Identification
between Firing Pin Aperature
shearing on two casings.

o The length, width, depth, and
spatial relationship between
the parallel marks make up
what are considered the
Individual marks.




N.I.B.I.N. (The National
Integrated Ballistic Information
Network)

(Part 4 of 8)



Computerized Imaging

The advent of computerized imaging technology

has made possib

e the storage of cartridge case

surface characteristics in a manner analogous to

automated finger

orint files.

The National Integrated Ballistic Information
Network (NIBIN) produces database files from
cartridge cases or projectiles retrieved from crime
scenes or test fires from retrieved firearms, often

ultimate decision

INking a specific weapon to multiple crimes.
t Is Important to remember, however, that the

for making a final comparison will

pe determined by the forensic examiner through

traditional microscopic methods.









Muzzle to Target Distance
Determination

(Part 5 of 8)



Gunpowder Residue

When a firearm is discharged, unburned and partially
burned particles of gunpowder in addition to smoke are
propelled out of the barrel along with the bullet toward
the target.

If the muzzle of the weapon is sufficiently close, these
products will be deposited onto the target.

The distribution of qunhpowder particles and other
discharge residues around a bullet hole permits an
assessment of the distance from which a handqun or
rifle was fired.




Gunpowder Residue

The distance from which a handgun or rifle has
been fired must be determined by means of a
careful comparison of the powder-residue pattern
located on the victim’s clothing against test
patterns made using the suspect weapon at
varying distances.

By comparing the test and evidence patterns, the
examiner may find enough similarity in pattern
diameter upon which to base an opinion as to the
distance from which the shot was fired.



Gunpowder Residue

Star-shaped (stellate) tear pattern
Halo of vaporous lead (smoke)

Scattered specks of unburned and partially
burned powder

Bullet wipe



o Test powder paterns made with a .38 Special S&W
revolver fired at (a) contact, (b) 6 inches, (c) 12 inches,
and (d) 18 inches



o A contact shot (AKA stellate pattern)



Gunpowder Residue

When garments or other evidence relevant to a
shooting are received in the crime laboratory, the
surfaces of all items are first examined
microscopically for the presence of gunpowder
residue.

Chemical tests, such as the Modified Greiss test,
may be needed to detect gunpowder residues that
are not visible. (positive reaction for burned
gunpowder...nitrites)

The firing distances involving shotguns must be
related to test firing and the muzzle to target
distances can be established by measuring the
spread of the discharged shot.




Unknow

n
Modified Greiss test comparison of questioned
(above) to tests (below)

g

3in | 12iIn 18in



For the previous example, the muzzle-to-
garment distance would then be reported as
greater than 3 inches but less than 18 inches



i

(Iéft) A shirt bearing a powder stain underl
normal light, (right) Infrared imaging of the
same shirt




Serial Number Restoration
(Part 6 of 8)



Serial Numbers

Increasingly, the examiner Is requested
to restore a serial number when it has
been removed or obliterated by
grinding, rifling, or punching.
Restoration of serial numbers Is
possible through chemical etching
because the metal crystals in the
stamped zone are placed under a
permanent strain that extends a short
distance beneath the original numbers.







Tool Marks
(Part 7 of 8)



Tool Marks

A tool mark is considered to be any impression, cut,
gouge, or abrasion caused by a tool coming into
contact with another object.

A careful examination of the impression can reveal
Important class characteristics, such as the size and
shape of the tool.

The presence of any minute imperfections on a tool
Imparts individuality to that tool.

The shape and pattern of such imperfections are
further modified by damage and wear during the life of
the tool.




L1 A comparison of a tool with a suspect screw driver.
Note how the presence of nicks and breaks on the
tool’'s edge helps to individualize the tool to the mark.



Tool Marks

The comparison microscope is used to
compare crime-scene toolmarks with test
Impressions made with the suspect tool.
When practical, the entire object or the part of
the object bearing the tool mark should be
submitted to the crime laboratory for
examination.
Under no circumstances must the crime scene
Investigator attempt to fit the suspect tool into
the tool mark.
Any contact between the tool and the
marked surface may alter the mark and will,
at the least, raise serious questions about
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A photograph of a tool mark comparison
seen under a comparison microscope.



(left) casting a toolmark impression with a
silicone-based putty, (right) impression
alongside suspect tool



Footwear iImpressions
(Part 8 of 8)



From left to right: Shoe impression Iin
mud, Cast of shoe impression, Shoe
suspected of leaving Impression in mud



Comparison of Shoe/tire Evidence

Individual identifying characteristics are those that
randomly occur on the shoe outsole from use. Each of
these characteristics were not planned or intentionally
manufactured and their combined position, orientation, size
and features are unlikely to re-occur in another shoe/tire.

Comparison of such points will support a finding that both
the questioned and test impressions originated from one
source.

According to William Bodziak (2000), “If both the
guestioned impression and a shoe contain sufficient
iIndividual identifying characteristics in common, it can be
concluded that the shoe positively make that impression.”

New computer software and web sites may be able to

assist In making shoe print and tire impression
comparisons.
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(Left) Impression of shoe found at a crime scene,
(Right) Test impression made with suspect shoe.



The END

Thank You!



UNCLASSIFIED

QinetiQ Proprietary

Modelling the Internal Ballistics
of Lightweight Plastic Driving
Band Projectiles

Clive Woodley

A presentation to: 26™ International Symposium on
Ballistics

September 2011

© Copyright QinetiQ Limited 2011

1



UNCLASSIFIED

Contents

QinetiQ Proprietary

1 Background
2 Lurch phenomenon
3 Application of QIMIBS

4 Conclusions

© Copyright QinetiQ Limited 2011

2



UNCLASSIFIED QinetiQ Proprietary

1
Background

© Copyright QinetiQ Limited 2011

3



UNCLASSIFIED QinetiQ Proprietary

1 Background

History

Firings of mature charge systems with experimental guided munitions gave lower than
predicted maximum pressures and muzzle velocities

Ballistics were consistent so the phenomenon was not investigated further
More recently, work commenced on a lightweight guided munition

— 30 kg mass

— Reduced recaoil

Firings with well understood charge system resulted in lower than predicted maximum
pressure of 40MPa and muzzle velocity of 50m/s

Ram brake and fin case protection based on previous project
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1 Background

Internal ballistics models used in investigation

* Proteus — 0D

* QIBS (QinetiQ Internal Ballistics Software) — 1D

* QIMIBS (QinetiQ Modular Internal Ballistics Software) — 2D
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Lurch phenomenon
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2 Lurch phenomenon

Initial and improved comparisons

» Possible to match pressures by assuming larger than expected chamber volume
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2 Lurch phenomenon

QinetiQ Proprietary

Detailed investigation undertaken to determine cause(s)

16
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2 Lurch phenomenon

Combustion behaviour of combustible cartridge case significantly different

1000.00 | | \ |

100.00 - -
Charge CCC

Projectile CCC
\

Burn rate (cm/s)

Pressure (MPa)
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2 Lurch phenomenon

QinetiQ Proprietary

Effect of projectile initially 10cm further forward
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2 Lurch phenomenon

QinetiQ Proprietary

Effect of ignition delay of 19ms (equivalent to stand-off of 12cm)

Travel (m)
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2 Lurch phenomenon

Effect of ignition delay of 19ms (equivalent to stand-off of 12cm)
200

Pressure (MPa)
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2 Lurch phenomenon

Good agreement for three further rounds fired at similar conditions

 Fitted ignition delays of 20ms, 22ms and 21ms
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QinetiQ Proprietary

2 Lurch phenomenon

Good agreement for two further rounds with increased charge mass or heavier

Pressure (MPa)

projectile
 Fitted ignition delays of 23ms and 19ms
300 ‘ OK but not predictive!
250 f- -t
200t 1 4\ —
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3
Application of QIMIBS
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3 Application of QIMIBS

2D internal ballistics code developed to investigate ignition phenomenon

» Predicted the ignition delay for the charge used for the lightweight projectile

© Copyright QinetiQ Limited 2011
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3 Application of QIMIBS

First simulation: ignition model not used

« Time base adjusted to align predicted and measured shot motion
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3 Application of QIMIBS

Second simulation: ignition model used

* No adjustment of time base required!!
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4 Conclusions

» Lurch effect likely to have been caused by a low shot start pressure (i.e. engraving
resistance) together with a fast burning CCC material having a low ignition threshold

» Possible to simulate by using an ignition delay in OD and 1D internal ballistics models

* QIMIBS was able to predict the ignition delay very well and also the maximum
pressures for the lightweight projectile

» The advanced ignition models embodied in QIMIBS are able to provide the predictive
capability needed for modelling the internal ballistics of the lightweight projectiles
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Summary

Jet formation process

MPXI™ insensitivity

Expansion of copper bands around concrete targets
Test arrangements

Holes in steel targets

Framing camera images of band expansion

Dual chamber test fixture

Conclusions

® & &6 6 6 O o o
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Perforator and Liner Collapse Process

@ 35 mm

SN

Liner with
MPXI™ Core

Jet

<48 mm (1.87")—=

The the MPXI™ material experiences not only the compression from the
detonation front and the squeezing during liner collapse but also the distortion
that occurs in the jetting process .
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Insensitivity of MPXI"™ Material

A test of an MPXI™ puck perforated by a shaped charge jet shows
insensitivity to extreme impact. The material was also insensitive
when “cooked” over a fire for 30 minutes.
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Copper Bands around Concrete Targets

Impulse analysis (Y = 1.0 kbar, r = 8.9 gm/cm?, & r(t) = R(t)/t (t)):
Force F=(P,- Y/r)-DA =a-Dm = a'r t-DA, where
Acceleration a(t) = [P,(t) - Y/r(D))/r -t (f), and
Impulse/Area I/A = @P-dt.

-97 IBS11 -5




Impulse/Area for Constant Pressure

Pl (kPa] 8 (kPa-ms) Pl (kPaj 78, (kPa-ms)
8 . . ; ; 16 g , , ; ; 16
i : (3% Expansion) ] [ ! i (10% Expansion) A

1 12

Time {ms) Time {ms)

Band expansions were »3% for ordinary liners and »10% for sandwiched
MPXI™ liners of equal mass. Computed impulses per unit area were 7.38
and 10.59 kPa-ms, respectively, indicating a 45% increase in impulse/area
for the greater expansion and suggesting a 45% increase in blast effect for
sandwiched MPXI™ liners in place of ordinary ones.
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Impulse/Area for Constant Expansion
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g : : : : 16 3z ; - ; ; 16
I ! {10% Expansion) I l[’ID_% Expansion)
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O T g S T e B e T T ELLLErE 8
3 i S s 4 o S oy M bl
[:] [:] D L | | | D
0 1 2 3 4 5 0 1 2 3 4 5
Time (ms) Time [ms)

For a 10% expansion, computed impulses per unit area were 10.59 kPa-ms
(prior chart) for constant pressure, and 9.52 and 8.89 kPa-ms (above) for
progressively sharper pressure spikes, i.e., the shape of the pressure pulse
affected the computed impulse/area, so dynamic measurements of expansion
are needed to refine the evaluation of MPXI™ benefit.
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Test Arrangements

The top arrays for the @ 305 mm x 610 mm (9D 12" x 24”) concrete targets were
oilfield quality control arrays. The concrete targets were cured for 7 days or
more. Short lengths of detonator cord initiated the perforators. The steel targets

were & 95 mm x 305 mm (9D 3.75" x 127), 4340 alloy, hardness 40 on the
Rockwell C scale.
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Holes in Steel Targets

Holes in 4340 steel targets penetrations for baseline perforators (LS-28) were
equivalent to those for MPXI"-boosted perforators (LS-29).
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Framing Camera Images of Band Expansion

Frame 16 0.998 ms

Frame 31 1.995 ms

Frame 9 0.532 ms

\97 IBS11-10 :h{‘;\

Frame 46 2.993 ms




Scans across Image 1

Level
900 00
R -
700 700 S SO SUUE S
600 ; — R 6 600 —FR7s
L — R 170 N —FhR&0
500 P Ran0 500 - R 100
I R 215 R 125
400 E —hRz22 400 [ — R 130
300 | old 300 |
200 F 200 F
100 Booedbecnbenn e b e e e b e T B T P FUUTE FUUUE FUU TN T FUUNE SUDUE SO P
0O 50 100 150 200 250 300 350 400 450 500 550 0 50 100 150 200 250 300 350 400 450 500 550
Zolumn Column

We extracted gray levels for the upper band between pixel rows 170 and 215
and the lower band between pixel rows 80 and 125. The threshold was a third

of the way between the minimum and maximum gray levels for the rows of
interest.
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Band Expansions

%o Expansion

% Expansion

—R 170
—R 171 —R80
R 172 TR
4 R 90
R 173 - o
—R 174 e 100
2 —R 175

—R 176 R0
[ _R177 —R 110
0 —R 115
- gk
-2 —R 180 ' ARES

0.0 0.5 1.0 1.5 2.0 0.0 1.0 20 3.0 4.0

Time (ms) Time (ms)
Upper Band Lower Band

caused the late-time rebound.

Measured expansions were 3.3% for the upper band and 1.7% for the lower
band. Plotted percentages are relative to the band width in frame 1. Rebound
to the initial shock loading caused the dips at early time. Smoke covering the
upper bands gave breaks in the curves. Elastic response of the copper band

S7
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Dual Chamber Test Fixture

Hollow Concrete A-\rrcr); Perforator Shield Upper
S Target y ,, Gauge
Plug pacer / 178 mm (7”) OD x
/ / \ ”
e/ / \ /7 102 mm (4") |ID Tube _—K
! ;," fl \\ M /
Lower T H@_ ___________________________ S SRS | IS
Gauge — —
. P (ksi) - F:’A(ksn :
5 b 16 fodb b TDEE]
o T T T T T T T O N O T O U SO Upper | __|
4 10 - Gauge
3 [ 05 E [ IR SRR | SN | N 8 TR IO _____l __________
7 F 0.0
1 0.5 froeeemeffede oo b b
O L 10 T T T TN T T S [T SO SN T NN S T S R S T
0 2 4 6 8 10 0 2 4 6 8 10
Time (ms) Time (ms)

Analysis (1A) gave an initial 5 ksi peak followed by lower peaks and a steady
pressure. Tests gave erratic data (DC-15 typical) with piezo gauges.
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Conclusions

o MPXI™ is safe until activated by extreme impact.

+ Steel penetrations for baseline perforators were
equivalent to those for MPXI"™-boosted perforators.

¢+ Band expansions for baseline perforators were »3%; for
MPXI™-boosted perforators expansion were »10%.

+ Piezo gauges may be unsuitable for dual chamber
pressure measurements.
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Approach

“Partial Differential® look into a multi-parameter,
multi-process explosive application ... :

* Effects of explosive performance are
envisioned and modeled consistently,

* Two different modeling methods were
validated and extrapolated:

« SCAN analytical model code

« Baker Hughes 2-D 29 Order
Eulerian Grid Code

Earlier work using BRIGS is not
presented in the paper or presentation.




Detonation Velocity -- Key Characteristic of
Explosive Mass & Energy Densities

For an individual energetic material D=A+Bp,
describes performance versus pressed or cast density at

less than crystal density

. . 10 _ b - by b - 4ac
Urtiew & Hayes provided : 2
- a = 07217 -0.265 p,
formula for D from o ootz
energetic materials o e=eTe oAl

and binders.

Using gas expansion
to define propulsion

Yaverage = 2'77 *

Y =-dinP/dInV
for constant y expansion

Detonation velocity, D (mm/ps)

| L 2 1 1 1 1 1 L 1 1

1.0 1.5 2.0

* 2.8+ for high performance S.C. explosives """ “*




Different Explosives in Shaped-Charges

SCAN used to reverse-engineer performance of explosives
in BRL 81-mm S-C using Gurney formulas where

(2E) 12 = D((2/y21) (y/y+1) )12

and
D = 8.8 (p,/1.856) V-1)/2
> 8.5
= SCAN with y = 2.9
Yy = 2.9 .38
o
fitto published  >E7s
. tt. I .t- 2 —
Jetup velociues CI:D i Simon’s Data
<
Z
O 65
L
(@)

6 6‘.5 % 7‘.5 é 8‘.5 9
JET TIP VELOCITY ( km/s )




Extrapolating Explosive Performance
using a JWL Equation of State

Assumptions: 100; T T T 1T T i| T T 1] ! /
- expansion isentrope i |
does not change o'k |
- initial position for - Constanty and JWL :
pressure / density | generally cross-over
changes £ 1o°f at ~0.5glcc (2 cclg) :
= f
- PBX 9404 baseline |
D = 8.8 km/s £ 107
P, = 1.84 glcm?3
Y =2.85 10
107 ]

| | | Ll | | | I | | | I
107 10" 10°
Density (g/cc)




Detonation Velocity versus
Explosive Density --- JWL & SCAN Models

Comparable over the range of simulations
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SCAN Modeling using BRL 81mm Configuration

Jet Tip Velocity increases until jet formation
process reaches supersonic limitation at

~10.12 km/s at explosive density ~ 2.15 g/cc
12

then Jet Tip o I o
disperses as E 7
non-coherent ES - "‘ JETTIP
expanding 5 ,,-"" VELOCITY
tube = o’
>,
= JET TAIL
>, | VELOCITY
0 /
1 1.5 2 2.5

EXPLOSIVE DENSITY (g/cc)




SCAN Modeling using BRL 81mm Configuration

Supersonic collapse |limits Jet Length,
Velocity Gradient and Target Penetration

800 ( g, kdoule, mm )
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SCAN Modeling using BRL 81mm Geometry

Supersonic jet formation criterion applied to
combinations of cone angle and explosive density

JET VELOCITY & DENSITY

14 - ( kml/s, gléc) ~ . ,
—___12-7_'(m/_s ....... /
12 - : 7
|
10 | JETTIP VELOCITY i |
I .
8 . %
6 | . JETTAL
| . VELOCITY _..
4 - . I —‘————‘ |
———— lllllllllllll
!. - -?-X..P- !_--O-§-I-V-.E. .?—-E-N.—-SHI-LY—_ f--—- smmmE Kll -----
|
0 , | | | |
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Baker Hughes 2-D 2"d Order Eulerian Code
Simulations

"Time
usec Explosive Density (g/cc) 1.472

168.0 1.656

1 <>> —

| 58.0 1.840

1. ()$ .

17 2.024

45.0

) 2.208 .
60° CU, tpe, 1.65 mm | commmmll DOrmm— g
point initiated {404 2.392

137.0 2.760

+, G —— =

4 8 12 16 20 24 28 32 36

cm
Simulations were stopped when jet tip
reached ~ 24 cm from charge face




Baker Hughes 2-D 2"d Order Eulerian Code

Simulations:

Increased Density and Jet & Slug Velocity

Detonation Velocity
lead to:

* increased Jet:
« velocities,
 gradients, and
* kinetic energy Jet & Slug

o increased Kinetic Energy
Slug velocity

From 600 to 700 m/s
to ~1500 m/s




SCAN Modeling of Cone-Shaped Detonation

Detonation wave half angle ® is determined by
the ratio of outer to inner detonation velocities

81.3 mm diameter
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SCAN Modeling of Cone-Shaped Detonation
in a BRL 81 mm Shaped Charge

Optimum jet formation (supersonic criterion) using
lower performance explosive for majority of charge

10 I T
BRL 42° 81mm
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Summary and Conclusions

Higher Detonation Velocity Explosives
can still provide more shaped charge performance

Jet & Slug Velocities and Kinetic Energy increased

as a result, Jet & Slug can be tailored for
target penetration and effect

Higher Detonation Velocity Explosive
can be used as an “outer-wrap” to provide:

« Conical detonation wave
* Optimization
* Insensitive explosive charge designs




|S HIGHER DETONATION VELOCITY
NEEDED FOR SHAPED-CHARGES "~

NO .... but, it can be very beneficial

1 Ben-Gurion University of the Negeyv, Israel

2 6 Tachkemony St., Netanya, Israel

3 Baker Hughes Inc., Ballistics Department, USA.
4 BRIGS Co., USA.
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Gurney Velocity / Detonation Rate relationships:

Vg/D = 0.337 (P.W. Cooper)

Vg/D = (0.605/["'=1]) (J. Roth per J.E. Kennedy)
where I = the adiabatic exponent for the gaseous products

Vg/D = (0.60 ¢~ "2+ 0.648 p, ¥2)/ (1.01 + 1.313 p,)

where ¢ =N M V2Q 2 ; N = moles of gaseous detonation products
M = average weight of gases, and Q = chemical energy of detonation
(Hardesty & Kennedy / Kamlet & Hurwitz)

Copper Cylinders

Vg/D Exp. (Licht) Cooper Roth  HK/KH
TNT 0.346 0.346 0.350 0.351
Comp B 0.345 0.343 0.355 0.385
Octol 0.335 0.330 0.331 0.328
LX-14 - 0.326 0.348  -—--

PETN 0.359 0.355 0.369 0.331

aty=2.9, SCAN formula==>Vg /D =0.338
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Outline

< Introduction
= Experimental Results
% Theoretical Approach
- Modeling of standing pressure waves in the perfs of gun propellant grains

- Impact of the standing pressure waves on the burning behavior in the perfs
- Alternative approach to explain the anomalous burning behavior in the perfs

# Simulation of Closed Vessel Tests with Pressure Oscillations

= Summary and Outlook
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Introduction

During the last 15 years a lot of experimental and some theoretical
work has been done in Germany to investigate pressure oscillations
which can be seen when single or multi perf propellants are tested
in closed vessels.

From the experimental work there is strong evidence that these
pressure oscillations are correlated to standing density waves in
the perfs arising from a wide spectrum of initial perturbations which
occur when the flame ingresses into the perfs of the propellant
grains.
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations

Theoretical Background and Simulation

Experimental Results
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Experimental Results

Closed Vessel Test of a 19 perf Gun Propellant

CV 200 ml, Loading Density = 0.2 g/cm?, T, =-40 °C

3000
2500 //
2 2000 /)
Dimensions: L=~18.7 mm g 1500 Pressure Oscillations / /
. ~ . I
D=13.3 mm S 1000 /
d=0.26 mm - //
500 //
Recipe: NC ~68.4 % o ;é
NGL = 29.0 %
Plasticizer = 1.3 % 45 50 5T5 / 60 65 70
Stabilizer = 1.3 % ime / ms
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations

Theoretical Background and Simulation

Experimental Results

Pressure / bar

1000 80
60 | Frequency Analysis |
800 v 40 Ll
o
o)
600 -~ 20
g 0
£
400 g -20
o
200 40
-60
0 -80
56 57 58 59 60 61 62 63 45 50 55 60 65 70
Time / ms Time / ms
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations

Theoretical Background and Simulation

Experimental Results

Mode n 1 2 3 4 5 6

0,8

0,6

Amplitude

0,4

™ M} \ \m

0 50 100 150 200 250
Frequency / kHz

High amplitudes occur at frequencies f which correlate with the
velocity of sound c, and the length L of the grain: f=n-c /2"
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Experimental Results
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Time dependence of the amplitudes of different modes.
In the given example mode 3 is the dominant mode.

(n-1)+5 bars are added to the amplitudes of each mode to make the figure more readable.
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Experimental Results

Cross sectional view of a propellant grain after burning interruption test with typical
anomalous wavelike perf geometry indicating regions of increased gas production
rates correlated to a dominant mode 3.
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations

Theoretical Background and Simulation

Theoretical Approach
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Modeling of standing pressure waves in the perfs of gun propellant grains

Basis are the standard gasdynamic equations for solid and gas phase which
are simplified for closed vessel application.

The goal was to get an analytic solution which describes standing waves in the
perfs of gun propellant grains.

Therefore we assume that the solution can be written as series expansion with
respect to a formal parameter ¢, e. g. p(r,t) = py(r,t) + €' p, () + €2 p(rt) + ...

and get a hierarchy of equations with respect to powers of «.

Using suitable approximations and linearization we get solutions for the lowest
order perturbation quantities

p, (density perturbation)

V4, (velocity perturbation in axial direction)
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

‘ Modeling of standing pressure waves in the perfs of gun propellant grains

it =i | Gy Jeos@ne™ TS
V1,y,n(y,t) ~c, { sin(k } sin(Q.t) e oVt n odd
—cos(kny) n even
Q. =mnnc/L, Two time scales:
K,=2n/A,, A, =2L,/n Slow time ~ 1/
L,=L+%mnd,; (accoustic length) Fast Time ~ 2L, /c

Within the framework of the used approximations the perturbation solution of the
pressure p, is simply given as

p1 = Csz P1
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Impact of standing pressure waves on the burning behavior in the perfs

The first idea was that the pressure oscillations directly cause a locally
increased burning velocity according to the modified pressure which yields

de/dt = (de/dt), + (de/dt); = é(Prer) (Po + € P1 )/ Pres

But averaging p, over one time period yields a quantity proportional to
You/Q ¢ (... ) which is close to zero.

So, no significant change of the burning velocity results.

The general momentum balance equation allows the determination of an ap-
proximate nonlinear solution p, ,, (known as acoustic radiation pressure) which
yields a significant net effect after averaging over one time period

cosz(kny)} n odd

— 1 202 ~*
P1.nl V/a € Cs" Pg {sinz(kny) n even
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Impact of standing pressure waves on the burning behavior in the perfs

But this solution as well as the linear one show a wrong phasing, i. e. they have
pressure nodes which means no enhanced burning at the end of the perfs
whereas the experimental results always show antinodes at these locations.

So, the experimentally observed anomalous wavelike perf structure can not be
explained as a direct impact even of the accoustic radiation pressure.
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Alternative model to explain the anomalous burning behavior in the perfs

We propose that the anomalous burning behavior in the perfs of single or multi
perf gun propellant grains is caused by the impact of the ultra sound velocity
field v, , on the thermally isolating foam zone which separates the solid phase of
the propellant and the combustion gas phase. The very intensive ultra sound
field locally reduces the thickness of this foam zone for instance by cavitation
processes and therefore causes an increased heat flow into the unreacted cold
propellant. Consequently, an increased gas production rate should occur at
positions with high amplitudes of the ultra sound field.

Ultra Sound Field
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Alternative model to explain the anomalous burning behavior in the perfs

The influence of thickness of the foam zone on the burning velocity can be
derived from a simple heat balance. To heat up the small propellant element
Sede from T, to T p the heat power

is necessary (dm/dt = pp S de/dt, S burning surface area, ¢, specific heat of the
propellant). This heat power must be generated by the heat flow from the foam
surface to the propellant element Sede

(A heat conductivity, D¢ thickness of the foam zone). Equating the two
expressions yields an equation for the burning velocity de/dt as function of the
foam zone thickness:

de/dt =2 /[ p, C, De]
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Alternative model to explain the anomalous burning behavior in the perfs

Without impact of ultra sound field (regular case) the thickness of the foam zone
should be D¢ at reference pressure to get the usual burning law. This implies:

Dr = Deger/ (P/Prer)
At presence of an ultra sound field with an acoustic energy density
Es="p, € v1,y2
the last relation must be modified in such a way that we get:

Dr = Deger/ [ (P/Prer)* + KEg ]

with a suitable constant K and Eg denoting the time average of Eg over one
period.
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Alternative model to explain the anomalous burning behavior in the perfs

1 Combining the last equation and the
\ equation for de/dt yields a quite
- 0.8 \ simple expression for the changes of
ﬁ 0,6 the burning velocity A(de/dt) caused
e 0.4 \ by the presence of the ultra sound
& ’ \\ field characterized by its time
0,2 — averaged acoustic energy density:
0 | | | | |

A(de/dt) = é(prer) K Eg
K Eq = &(Prer) K 1/T ] Eg dt*
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Alternative model to explain the anomalous burning behavior in the perfs

_ - . sin?(K.y) | n odd
Es=¢%Y2p,Vy,2=e?Vap,” C? { cos?(K.y) sin’(Qt) " even

The acoustic energy density does not depend on the ,slow time“ anymore which
is clearly a consequence of the used approximations.

More important, it shows (as well as the burning velocity change) a phasing
which is compliant with the perf shapes experimentally observed.

So, the proposed model which takes into account the impact of the standing
ultra sound waves on the thickness of the foam zone is able to explain all
experimental observations related to the anomalous burning behavior in the
perfs of gun propellants.
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations

Theoretical Background and Simulation

Simulation of
Closed Vessel Tests
with Pressure Oscillations
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Simulation of Closed Vessel Tests with Pressure Oscillations

Implementation of the modified burning velocity given before into our closed
vessel simulation tool “SimDB” was the easy part of the necessary work.

A little bit more sophisticated was the derivation of information on the growth
and absolute values of the amplitudes of the ultra sound field. This was done by
treating the gasdynamic equations with a minimum of approximations but never-
theless additional assumptions were necessary with respect to the fade away of
the oscillations which is not an outcome even of the more detailed treatment.

However, our simulations correspond very well with experimental results as will
be shown in the next slides.
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Simulation of Closed Vessel Tests with Pressure Oscillations

As example we take a cylindrical 19 perf gun propellant (length = 12.2 mm,
outer diameter = 12.6 mm, perf diameter = 0.19 mm) with conventional L1
recipe which was fired at -40 °C in a 700 cm? closed vessel at a loading density
of 0.2 g/cm3. 2 grams of black power were used as ignition charge.

Due to the acoustic hardness of the propellant at cold pronounced pressure
oscillations were measured and an anomalous vivacity derived.

Parallel conducted burning interruption test shows a wavelike shape of the perfs
with axial mode n = 2 as dominant mode.
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Simulation of Closed Vessel Tests with Pressure Oscillations
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Simulation of Closed Vessel Tests with Pressure Oscillations
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Simulation of Closed Vessel Tests with Pressure Oscillations
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Simulation of Closed Vessel Tests with Pressure Oscillations
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations

Theoretical Background and Simulation

Simulation of Closed Vessel Tests with Pressure Oscillations
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations
Theoretical Background and Simulation

Simulation of Closed Vessel Tests with Pressure Oscillations
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations

Theoretical Background and Simulation

Summary and Outlook

We have proposed a new approach to explain the impact of density / pres-
sure oscillations on the burning behavior of gun propellants when fired in
closed vessels.

The hypothesis is that the ultra sound field related to the standing waves in
the perfs causes a reduction of the thickness of the isolating foam zone. As
consequence the burning velocity of the propellant is locally increased due
to an enhanced heat transfer into the unreacted propellant.

Implementation of this model into our closed vessel simulation tool yields
results which are in excellent agreement with experimental observations
with respect to vivacity changes as well as the wavelike perf geometries.

Currently we try to extend the model to explain the fine structure which can
be seen in the perfs. Feed back of stationary vortices induced by the velocity
perturbation on these perturbations seems to be a promising approach.
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Burning Behavior of Gun Propellants under the Influence of Pressure Oscillations

Theoretical Background and Simulation

Thank you
for your
attention !

IB-Tools
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1 Introduction

The UK commitment to effects based planning and operations requires precision
weapons to ensure the desired military effects are achieved.

Identifies UK needs:

 Increased flexibility from future weapon systems to ensure that a wide range of targets
can be effectively neutralized within increasingly stringent rules of engagement.

* Minimum collateral damage.
* |IM compliant.

« To understand the role that explosives and explosives design have in delivering a range
of effects from lethal to sub-lethal.

Recent research has sought to develop such an understanding of explosives
and explosives design.
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1 Introduction

Technical Approach

Integrated modelling — experiment, material characterisation methodology
» Detonation product model for QRX080 (95%FOX-7).
 ldentify candidate shaped charge & fragmenting warhead designs.
« Model performance using Eulerian hydrocode GRIM and SPLIT-X® .
« Experimental Firings:
— Cylinder Tests: QRX080
— Slow Stretching Jet (SSJ) charges: QRX250, PBXN-110, LX14, EDC1S filled

© Copyright QinetiQ Limited 2011
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1 Introduction

0)
Explosives H,N NE=O
FOX-7. == )
. . . . H2N N_O'
— 1,1-diamino 2,2-dinitro ethylene g

— Developed by FOI, Sweden

— Improved hazard response with comparable performance of cast cured RDX
formulations.

QRXO080 (95% FOX-7 and 5% binder, particle size 56um/78um)
QRX250, used in CE warheads, reduced particle size 36 pm.
PBXN-110 (88% HMX/12% HTPB/isodecylpelargonate).
EDC1S (70.25% HMX/4% RDX/24.75% TNT/1% Wax)
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2 Explosive Products Model

Cylinder Test Experiment.

Test to measure the transfer of explosive energy to a metal.

Hollow metal cylinder, usually constructed of ductile copper, filled with the explosive of
interest.

Two sizes, namely a 2.54 cm inner diameter and a 10.16 cm inner diameter.
L/D =12

Jones-Wilkins-Lee (JWL) Equation of State for detonation products fitted to tube radial
expansion and measurement of the detonation velocity.

— Analytic iteration of JWL parameters to provide best fit to the data.

— Thermo-chemistry code (e.g. CHEETAH) to provide starting point fit. M
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2 Explosive Products Model

Cylinder Test Experiment. for €, BT, A,B > 0{; - e_;T (" } A|:t - e_: (- e_B’j

300

y= 8311 -12075
R*= 0538

Diztance (mm)
n
(o]

0 30 G0
Time [pz)

Detonation Velocity Measurement

Cylinder Wall Expansion History
(8.23 km/s, 8.22 km/s and 8.39 km/s)
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2 Explosive Products Model

JWL.
—R1K - 2K V _@H:
JWL Adiabat P;=Ae " +Be " +C(7J
0
e Y
EoS (JWL) pd1-2V ) g -2 o) +a)(£j
RV R,V %
14 —G@+l
5 -R| — V -
"
JWLB (Baker et. Al) P=) Ae ( J+C(V]
i=1 0
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2 Explosive Products Model

Cylinder Test Fitting

QinetiQ/11/02047

JWL Parameter QRX080 Trzcinski Karlsson
(95% FOX-7, 5% (100% FOX-7) (98.5% FOX-7,
binder) 1.5% wax)
A (GPa) 545.35 1414.339 998.578

B (GPa) 5.97 21.6637 8.778

C (GPa) 1.08 1.23412 Not given
R, 4.09 5.54 4.928
R, 1.06 1.51 1.119
w 0.3143 0.32 0.401
Density (g.cm-3) 1.76 1.78 1.756
Detonation 8.665 8.9 8.663

Energy (kJ.cm-3)
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2 Explosive Products Model

Cylinder Test —JWL Fitting.

CHEETAH 2
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2 Explosive Products Model

Conclusions.

« Radial wall motion of the cylinder represents an integration of the products’ behaviour,
implying the parameter set fitted to the motion is not therefore unique.

» By considering cylinder expansion prior to failure, reasonable JWL fits to the
experimental data can be achieved.

« To improve the JWL fit further requires:
— Further iterative hydrocode modelling

— Additional cylinder tests capturing early motion data using a VISAR and simultaneous
measurements of Detonation Velocity and density.
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3 Fragmentation

The warhead design process often needs to accommodate a number of
conflicting performance requirements, including blast, fragmentation and
penetration within associated mass and volume constraints.

Fragmentation

« Use SPLIT-X® to assess potential fragmentation potential of explosive.
* Needs the Gurney energy, E
« Gurney velocity (V) is then:

1

el

M/C FOX-7 = 3.1; PBXN-110=3.3
M=case mass, C=explosive mass
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3 Fragmentation

Fragmentation.

: QRX080
« Simple charge

Steel Fragments

\ Aluminium Case

QinetiQ/11/02047

“ialocity [ mis)

Cylinder Test Gurney Velocity Gurney
(m/s) Energy
J/g)
1 2659 3536
2 2668 3559
3 2604 3392
a0
000 %:l & \
N .
=1 1]
/ — QRXCE0
01—~ —FBXH10 |
—A00% FOXT
B:l:l 1 1 T 1 1 1 1 1
1 2 4 5 a] E g 10 (N

Fragrient colurn
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4 Chemical Energy Warheads

Shaped Charges.

« Helte et al.” demonstrated potential of FOX-7 in a conical shaped charge, with jet
characteristics superior to Composition B.

» This work explored performance potential of FOX-7 in Slow-Stretching Jet (SSJ)
systems.

« Compared performance with PBXN-110, EDC1 and LX14
* Modelling and experimental study.
« Simple charge design.

— Tulip copper liner

— 75mm diameter

— Aluminium body

*Helte A. et al., ‘Performance of FOX-7 in Shaped Charges’,
Proc. 23rd International Symposium on Ballistics.

© Copyright QinetiQ Limited 2011

QinetiQ/11/02047 14



4 Chemical Energy Warheads

Experiments

« Heavily instrumented trials arena to visualise the jet and record RHA penetration

Stand-off = 12 CD (~895mm)
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4 Chemical Energy Warheads

Modelling
* GRIM used to predict SSJ characteristics and break-up.

Experimen

LX-14 EDCA1 PBXN-110 95FOX7 KSNFOX7

© Copyright QinetiQ Limited 2011
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4 Chemical Energy Warheads

Modelling-experiment

» Predicted and experimental tip
velocities in good agreement.

 Some subtle differences:

— PBXN-110 produces a more
elongated SSJ, typically composed of
up to four ellipsoidal sections.

— QRX250 SSJ comprised three
sections, travelling more slowly.

— Predicted jet characteristics for
QRX250 sensitive to booster pellet
size — much smaller booster used in
modelling than utilised in trials.

QinetiQ/11/02047

Explosive Jet Tip Speed (km/s)
Simulation Experiment
LX-14 3.02 2.88
EDCI1S 2.7 2.7
QRX250 2.58 2.63
PBXN-110 244 2.64
270us
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5 Conclusions

Research to compare and contrast the performance of FOX-7 compositions with
high performance explosives in a SSJ shaped charge has allowed the following
conclusions:

« QRX250 (95%FOX-7 5%binder) formulation offers similar performance in a SSJ charge
to but not as good as more energetic and sensitive fillings such as LX14 and EDC1S
that are not IM.

» Published FOX-7 cylinder test experimental data fit the QRX080 early time data
reasonably well.

« The JWL fit produced by CHEETAH 2 does not fit the data as well as the published
models.

« Split-X predicts higher fragment velocities for the FOX-7 compared to PBXN-110.
« SSJ performance for PBXN-110 and FOX-7:
— Very similar jet velocity and RHA penetration.

— Subtly different physical jet characteristics.
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EFP Simulants:

Cross Section Sketch and machined

Projectiles
Dimensions of EFP simulants
Solidity L [mm] D [mm] [ [mm] d [mm]
100 % 30 10 0 0
80 % 30 10 26.6 4.3
60 % 30 10 28 6.3

aWwaHATA

AGENCY FOR DEFENSE DEVELOPMENT


http://www.kooperation-international.de/index.php?eID=tx_cms_showpic&file=fileadmin/redaktion/logo/ins_1983_f.gif&width=1024m&height=800m&bodyTag=<body bgColor="�

Page 6

Outline

vV V. VYV V V

Motivation & Introduction
Experimental Tests: Setup & Results
Numerical Simulations

Modeling Approach

Summary

H —
awssAPA
AGENCY FOR DEFENSE DEVELOPMENT


http://www.kooperation-international.de/index.php?eID=tx_cms_showpic&file=fileadmin/redaktion/logo/ins_1983_f.gif&width=1024m&height=800m&bodyTag=<body bgColor="�

Page 7

Test Setup for DoP Tests

aWwaHATA

AGENCY FOR DEFENSE DEVELOPMENT


http://www.kooperation-international.de/index.php?eID=tx_cms_showpic&file=fileadmin/redaktion/logo/ins_1983_f.gif&width=1024m&height=800m&bodyTag=<body bgColor="�

Velocity Evaluation Procedure from FXR Captures

H-ray film

A-ray flashes

g = Sp-ayp+8p-ay,
, =

Azp T Ay
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Evaluation of Impact Depth and Crater Diameter

+ D,
A‘W DEPTH OF PENETRATION =
A (HOLE DEPTH) - B
| 1
B

= N
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Evaluation of Crater Diameters and DoPs

H —
aWwaHATA
AGENCY FOR DEFENSE DEVELOPMENT


http://www.kooperation-international.de/index.php?eID=tx_cms_showpic&file=fileadmin/redaktion/logo/ins_1983_f.gif&width=1024m&height=800m&bodyTag=<body bgColor="�

Page 11

Results of Crater Diameters and DoPs with different

Solidity Ta-EFP Simulants

Test # Solidity V [m/s] Crater diameter DoP [mm]
[mm]
2450 100% 2914 39.0 60.4
2451 100% 2075 28.6 53.0
2455 80% 2936 38.5 60.0
2452 80% 2087 26.6 42.4
2456 60% 3129 32.3 53.7
2453 60% 2041 22.7 39.1

®
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Results of Crater Diameters with Different Solidity

Ta-EFP Simulants

B0 T

50 ~

N
o

Crater diameter [mm]
W
S

20 -
—A— 3000 m/s - maximum
—2A— 3000 m/s - surface level
L T —m—2000 m/s - maximum |
—B—2000 m/s - surface level
0 T T T T T
50% 60% 70% 80% 90% 100%

Solidity []
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Investigated Constant Dimensions EFPs of Different

Solidity
100% 80% 60% 50% 40% 20%
Solidity 100% 80% 60% 50% 40% 20%
Bore diameter d [mm] 0.0 4.3 6.3 7.2 7.8 8.9
Bore length | [mm] 0.0 26.6 28.0 28.6 29.9 29.5
< L »
g, >)o
—

= )\
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Numerical and Experimental DoP of different Solidity
Ta-EFPs

70 e
’ _——3
60 7 S

'E 40/
E ~~.
a /Q/Q/ Penetration Process
a 30
20 —A— Sim. v_imp = 3000 m/s
A Exp.v_imp ~ 3000 m/s
—&— Sim. v_imp = 2000 m/s
10 & Exp.v_imp ~ 2000 m/s
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
20% 30% 40% 50% 60% 70% 80% 90% 100%

Solidity [%]
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Change in Erosion Pattern from Solid to Hollow
Projectiles

Solid EFP 80% Solidity EFP
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Numerical Penetration Depths of Different Solidity

DoP [mm]

60
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40
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20
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0

—4—Cu, 1000 m/s
—e—Cu, 2000 m/s

—&— Cu, 3000 m/s

—e— Cu, 4000 m/s

Cu-EFPs

0% 10% 20% 30%
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DoP / Mass Unit vs. Solidity of Cu-EFPs for Different
Impact Velocities

9 —-A—Cu,1000m/s ——
8 e —— Cu, 2000 m/s
—A— Cu, 3000 m/s
= \ —@— Cu, 4000 m/s
€
E° .
5
=
7]
g 4
€ \ \0\
o 3 i\.
<]
S \‘\’\
2 ‘\L\A_‘F D
1 —& A
0

T T T T T T T T T 1
0% 10%  20%  30%  40%  50%  60%  70%  80%  90%  100%
Solidity [-]

Page 18 R Ul RS ==
AGENCY FOR DEFENSE DEVELOPMENT


http://www.kooperation-international.de/index.php?eID=tx_cms_showpic&file=fileadmin/redaktion/logo/ins_1983_f.gif&width=1024m&height=800m&bodyTag=<body bgColor="�

Page 19

Outline

Vv V V VY VY

Motivation & Introduction
Experimental Tests: Setup & Results
Numerical Simulations

Modeling Approach

Summary

awssAPA

AGENCY FOR DEFENSE DEVELOPMENT


http://www.kooperation-international.de/index.php?eID=tx_cms_showpic&file=fileadmin/redaktion/logo/ins_1983_f.gif&width=1024m&height=800m&bodyTag=<body bgColor="�

Possible Displacements on Infinitesimal Element of
Hollow EFP (simplified)

dx, #0 dx, #0

dy, =0

= N
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Definition of Effective Length for Planar Simplification

Leff

4

A
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Comparison of EFP and Equivalent Shell Impact
@ Vimp = 2000 m/s
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Summary

Investigation of the Influence of EFP Solidity on Penetration
Performance

Experimental DoP Tests with Ta-EFPs with different Solidities
were performed

Numerical Simulations with Cu- EFPs and Ta-EFPs of different
Solidities

Change in DoP Process from Solid to Hollow EFP

required Extension of existing Penetration Model

Good Agreement with Experimental Results

H
= kSt 32 TS
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Thank you !

Any Questions ?

E-mail: hoskim@add.re.kr
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New Challenges: Asymmetry & Collateral Damage
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Example: Axially Switchable Warhead (LOCAAS)
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Charge with Implemented MPI System (9-fold)
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Charge with 9-fold HEP Disc & DotMask Simulation
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Proof of Principle: Static Trials with Witness Block
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Proof of Principle: Test Setup Dynamic Trials
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Proof of Principle: Dynamic Trials with Witness Plate
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New Spallation Modell
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Application of HEP - Method on Blast / Frag Warhead
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Axially Switchable Charge: Fragments vs. EFP
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Radially Switchable Charge: Two Initiation Trains
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Radially Switchable Charge: Test Setup
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Radially Switchable Charge: Natural Fragments
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Radially Switchable Charge: Pre-Formed Fragments
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Summary

» Novel Multi-Point Initiation (MPI) Method with HE-Pellets

> Proof of Principle with static & dynamic Tests was demonstrated

> Application for Warheads (axially & radially) was shown

> Switchable Warheads:

= Natural Fragments vs. Controlled Fragments
» Pre-Formed Fragments vs. Cut PF-Fragments

/ Page 23 W. Arnold et al. 26t International Symposium on Ballistics Miami, Florida, USA September 12-16, 2011



Acknowledgement

Acknowledge the WTD91 GF410 in Meppen for funding

€. © MBDA 2011.

of MBDA. © MBDA 2011.

ne peut étre divulgu

contenu

without the prior

is proprietary information of MBDA and shall not be disclosed or

ed herein

containt

Ce document est la propriété de MBDA. Il ne peut étre communiqué & des tiers et /ou reproduit sans F'autorisation préalable écrite de MBDA et son

This document and the information

/ Page 24 W. Arnold et al. 26t International Symposium on Ballistics Miami, Florida, USA September 12-16, 2011



Thank You for
Your Attention !

Any Questions ?

Your Contact:

Dr. Werner Arnold

Phone: +49 8252 99 6267

Email: werner.arnold@mbda-systems.de

/ Page 25 W. Arnold et al. 26t International Symposium on Ballistics Miami, Florida, USA September 12-16, 2011



26th International
Symposium on Ballistics

An experimental and numerical study of ballistic impacts
on a turbine casing material at varying temperatures

Borja Erice 2P

Francisco Galvez 2b
David A. Cenddn 2P
Vicente Sanchez-Galvez b
Tore Bgrvik ©

Research Centre on Safety
and Durability of Structures

Dept. of Materials Science
Technical University of Madrid and Materials UPM-CSIC



An experimental and numerical study of ballistic impacts Departamento de Ciencia de Materiales
on a turbine casing material at varying temperatures Universidad Politécnica de Madrid

Contents

1. Motivation and objectives

2. Material modeling

3. Ballistic tests at high temperature

4. Numerical Simulations

5. Modification of JC model: Melt extended temperature (JCT)
6. Numerical Simulations (JCT)

7. Conclusions



An experimental and numerical study of ballistic impacts Departamento de Ciencia de Materiales
on a turbine casing material at varying temperatures Universidad Politécnica de Madrid

Motivation and objectives

e Blade-off containment

 If aturbine blade fails the case must

contain all the fragments

Rotational velocity: 9,000 to 12,000 rpm

Diameter: Fan 2,5m Turbine: 1,2m

Temperature: 8002C (blade) 5002C (case)

This phenomenon is a High speed impact of

materials operating at high temperature
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e Blade-off containment

e  Mechanical behavior of FV535 steel

at high temperature and high strain rate.
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An experimental and numerical study of ballistic impacts Departamento de Ciencia de Materiales
on a turbine casing material at varying temperatures Universidad Politécnica de Madrid

Motivation and objectives

e Blade-off containment
* Mechanical behavior case material at high temperature and high strain rate.
— Case material: FV535, martensitic stainless steel 0.1%C 11%Cr
* Material modeling.
— Static and dynamic tests to obtain material data at its operating conditions
— Material model calibration.
* Ballistics tests
* Numerical simulations

e Numerical simulation of a blade-off event



An experimental and numerical study of ballistic impacts Departamento de Ciencia de Materiales
on a turbine casing material at varying temperatures Universidad Politécnica de Madrid

Contents

1. Motivation and objectives

2. Material modeling

3. Ballistic tests at high temperature

4. Numerical Simulations

5. Modification of JC model: Melt extended temperature (JCT)
6. Numerical Simulations (JCT)

7. Conclusions



An experimental and numerical study of ballistic impacts Departamento de Ciencia de Materiales
on a turbine casing material at varying temperatures Universidad Politécnica de Madrid

Johnson-Cook (JC) and Modified Johnson-Cook (MJC)
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Material testing

Low strain rate tests at 10 s from T=24C to T=850C
Even up to 1200C

Hopkinson bar tests at 103 s from T=24C to T=850C
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Material model
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Ballistic tests at high temperature

Inconel 718
Type K plate square rods
chromel-alumel : Furnace cove
Thermocouple
‘Ceramic cover k Heat transfer

Projectile + 1
exit trajectc

Heat transfer

Samples:
Plates 100x100x1.6mm

Water
circulation

4009C and 7009C Water cooling

system

5.5mm ball
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Numerical Simulations

LS-DYNA, axilsimetric 2D.

i
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Numerical Simulations: Results using JC model
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Temperature 400°C

Fringe Levels
8.700e+02
7.854e+02 ]
7.008e+02 |
6.162e+02 _
5.316e+02 _
4.470e+02 _
3.624e+02 _
2.778e+02 _
1.932e+02
1.086e+02 ]
2.400e+01

v, =520m/s

v, =490m/s

Numerical Simulations: Results using JC model

Temperature 700°C

t =2.8us
t =5.0us
t=12.4us
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Modification of JC model: Melt extended temperature (JCT)
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Modification of JC model: Melt extended temperature (JCT)
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Modification of JC model: Melt extended temperature (JCT)
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Modification of JC model: Melt extended temperature (JCT)

* Se propone la reformulacién de la relacion constitutiva:
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Numerical Simulations: Results using JCT model
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Temperature 400°C

Fringe Levels
1.500e+03
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Numerical Simulations: Results using JCT model

Temperature 700°C
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t =9.0us
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Numerical Simulations: Results using JCT model
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Conclusions

* The JC softening model is not capable to reproduce the experimental results of

ballistic tests when plates are at high temperature for this material.

* A new model, as a modification of the JC model, is proposed using a melt extended

temperature. JCT.
* The model has been implemented in LS-DYNA code.

* The simulations show that the proposed model JCT is able to reproduce the ballistic

behavior of the material studied.

e  Current work of turbine engine containment is now possible using this model, and

it is currently under investigation.

The authors would like to acknowledge ITP for its financial support.
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Containment test
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1. Penetration of Jets in Water



Shaped Charge Type “R”

i Copper Liner

Liner Cone Angle: 42
Diameter (D): 45 mm

Standard Standoff: 1.5 D




Baseline penetration in RHA :




t=2 usec



t=10 ysec



t=16 ysec



t =22 usec



t =32 usec



Jet tip velocity = 7,250 m/sec
Diameter = 1.5 mm



Experimental Set-up

Shaped Charge

Water target (cylinder)

DOP

Plates




Experimental Set-up

_____________________________________
2R LA - = e e e e e e e e e e e e e e e e e e e e e e o e e e e = = =

————————————————————————————————————

Shaped Charge
Water target (cylinder)

Steel block

DOP

Plates




Jet in air Jet in water
—
t =45 ysec
Jet tip velocity

In air=7,250m/sec; In water 5com 9,900m/sec



@ - Current study

Velocity (mm/usec.)
O —~_~DNWOWPHHPO1TOO NO O

500 1000 1500 2000 2500 3000 3500

Distance (mm)

o

D.R. Saroha et al, 24t Int. Sym. on Ballistics (2008)



Shaped Charge —>

Steel block —_—

Steel cylinder >
filled with Water

Steel plates —>



Penetration Capability in water

Measured
Prya = 185mm 7

- =P, /Pria = 3.6

water

P = 680mm -

water

Hydrodynamic penetration
P4/P, = \/(92/91)

Pwater/ PRHA= \/(PRHA /Pwater) = 2.8
Pwater= 920 mm




2. Penetration of Long Rods in Water



Experimental Set-up

Long rod
—

Tungsten Alloy

L=100 mm

L/D=10
V=1,430-1,475 m/sec

Water target (cylinder)

DOP

Plates




Lon gro d T ]
e Y e DOP

e Plates

Water target (cylinder)

Obliquity = 90 , 60 , 45

C. E.J Anderson, J. S. Wilbeck, et al., Long-Rod Penetration
into Highly Oblique, Water-Filled Targets Int. J. Impact Eng. (1998)



Shot DM3
Exit Yaw: 4.5

Shot DM6
Exit Yaw: 6.5




3. Calculations and Analysis



The penetration process in water
can be divided into two phases:
1st Phase:

The classical hydrodynamic penetration
2"d phase:

The inertia of the water influence on the final
penetration

C.P. Woidneck “Rod Penetration in Liquids”, 9t Int. Sym. Ball.



The SCAN Model

Based on the classical hydrodynamic jet
penetration theory with Tate's correction

E. Hirsch, D. Goodlin, T.R. Sharon, SCAN, "Shaped Charge

Analyzer Model. Computer Program User Manual”
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2"d Phase
The Autodyne 2D hydrocode was employed

ASSUMPTIONS:

The jet was simulated by a rod at a speed of 4,000
m/sec, representing the central part of the jet after

particulation

* The rod is eroded during the penetration similarly to
the jet

* The water has no strength

« The diameter of the water cylinder is wide enough




€ 2 segment rod

€ Single rod

Water

Steel

Jet - 2"d Phase
Rod: Cupper; L =20 mm; V = 4,000 m/sec
DOP = 8 mm (single); 10 mm (segmented)




CONCLUSIONS:

1. The total penetration capability of a jet is larger
when the jet is particulated

2. The residual DOPs in steel are greater than
predicted by the ideal hydrodynamic theory by
approximately 25%



2. Penetration of Long Rods in Water
- Analytical Model

The yaw angles at the exit of the water targets were predicted using an
analytical model

ASSUMPTIONS:

1. Rigid projectile

2. Incompressible fluid with shear strength

3. The path of the projectile is integrated numerically

Z. Cooper, M. Mayseless, Y. Reifen, D. Yaziv, “Deflecting and Rotating Rigid
Projectiles Hitting Plate Edge” — Poster Session 12033



jo0l | Projectile Projectile
H tip exit tail exit
0 5 > =

oo}

o0} %

a0} 5

400} % \

oo} %

Sm 0 m

Rod: Tungsten Alloy; L =100 mm; V = 1,475m/sec;
Water length: 420 mm



Roecker — Ricchiazzi (R & R ) Model

b
yaw § = yaw‘ =0 exp(ES
R - Radius
S - Distance (normalized by R)

b - Constant related to the turning moment
acting on the projectile.

E.T. Roecker and A.J. Ricchiazzi, “Stability of Penetrators
in Dense Fluids”, Int. J. Engng. Sci, Vol 16



Rigid Projectile penetrating into water

Experimental results

Simulation\
——————— ;——‘______& R & R Model




Conclusions

Jet Penetration in Water

 Two major phases: a hydrodynamic phase followed by an
iInertial phase

* The penetration capability of a jet in water is larger than
predicted by the ideal hydrodynamic theory

* The total penetration capability of a jet is larger when the jet
IS particulated

Long Rods Penetration in Water

« The Yaw angle is affected mainly by the DOP in water, the

velocity and by the initial yaw

« The impact obliquity has an insignificant effect on the

penetration, orientation and yaw of the rod in water

Both

« The differential weight efficiency of water is 0.70 to 0.75
(relative to RHA).
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Introduction

Improvised Shaped Charges
Standard Demolition Shaped Charges
Highly Ductile Glass Jets

High Density Glass Investigations
Observed Glass Jet Characteristics
Conclusions
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Glass: non-crystalline (amorphous) solid material typically known
to be brittle under ambient conditions and often optically
transparent
Soda-lime glass: ~75% silica (Si02), is the most common type of
glass used for bottles and windows with a density of ~2.5 gm/cc
Lead glass: lead replaces the calcium in the glass formulation,
typically 18—-40% weight lead oxide (PbO), with final densities
between 3.1 and 7.2 gm/cc
Glass as a shaped charge liner material is an old subject
— Explosively loaded champagne bottles and other conical
based bottles for demolition and special applications is very
well known and commonly taught for military use. Itis
believed that such practice dated to a period of improvised
munitions used early in World War I1.
— Glass liners have been used in a variety of shaped charge
applications, including demolition munitions and as oil well
perforators.

WARFIGHTER FOCUSED.



Bulk metallic glass has also been investigated as a shaped charge
liner material

— W.P. Walters, L.J. Kecskes and J.E. Pritchett, “Investigation of
a Bulk Metallic Glass as a Shaped Charge Liner Material”,
ARL-TR-3864, August 2006.

The use of higher density glasses for jet studies has been more
recently reported

— K. Cowan and B. Bourne, “Oxide Glasses as Shaped Charge
Liners”, Proceedings of the 21st International Symposium on
Ballistics, Adelide, South Australia, 2004.

The US Army ARDEC has undertaken considerable studies of
glass shaped charge jet behavior

WARFIGHTER FOCUSED.



Hand packing of bottles using moldable plastic explosives to form
shaped charges is commonly taught

Normally the bottle neck would be cut off to reduce the amount of
high explosive required and to ease the hand packing operation
750 ml wine bottles were hand packed with Composition C-4
explosive

Flash x-rays were taken of the jets

— Extremely curved jets
— Extreme particulate nature

Steel penetration testing
— 3.4 CDs (260mm) at a 5.5 CD (460mm) standoff

WARFIGHTER FOCUSED.



N
Jet Flash x-rays

Bl s Wil

jets, extreme particulate nature

: R T R AR R i S T
4Tl S R W iR

Extremely curved

Steel penetration testing

3.4 CDs (260mm) at a 5.5 CD (460mm) standoff

TECHNOLOGY DRIVEN. WARFIGHTER FOCUSED.
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 Beer bottles: 375ml Timmermans Lambic with conical bases

Octol 70/30 to a final density of about 1.80 gm/cc
Small PBXN-5 booster pellet with an RP87 detonator
150 KV flash x-rays with soft x-ray tubes
Jet tip velocity of about 5 km/s with a fairly straight jet
Extremely particulated behavior, some repeatable structure
Penetration studies against mild steel witness plates

e 2.6 CD (130mm) of steel at a 6 CD (305mm) standoff

e 2.25CDs (114mm) at a 3 CD (152mm) standoff.

o Sparkling wine bottles: 750ml Korbel Extra Dry with conical bases

Octol 70/30 to a final density of about 1.80 gm/cc
Small PBXN-5 booster pellet with an RP87 detonator
150 KV flash x-rays with soft x-ray tubes
Jet tip velocity of about 7 km/s with a fairly straight jet
Repeated experiment showed some variation in the jet tip
shape and velocity
Extremely particulated behavior, some repeatable structure
Penetration studies against mild steel witness plates

e 3.4 CDs (280mm) at a 5.5 CD (460mm) standoff

* repeated, producing a nearly identical penetration depth.

WARFIGHTER FOCUSED.



._
Beer Bottle

Sparkling Wine Bottle

ZX:_ ray :

Penetration
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M2A3/M2A4 Demolition Charges

« Originally produced at Picatinny!  ~9-1/2 pounds Comp-B main charge
» Developed in early 1940s! ~2 pounds 50-50 pentolite booster

, _ _ _ ~6.4Km/s Jet Tip Velocity
84" Penetration In soll
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20 CD flash x-ray comparisons

Tungsten Jet

— e e e G v e e — e e

St G TR T WE T W W W= e - —— =

= - B P R — ==rjier

V. . 5 * o o - - — A g — -

| Copper Jet .
| | sloer i el | mJl-__L,| R
- | L;._l.L.J._--_l__'l..-‘:." G B _tL__JLH_ o R
Ductile Glass Jet

Glass can produce the most ductile
shaped charge jets known to date
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i
«70mm shaped charge configuration
«Cast (Octol 70/30, EDC1G) and pressed (LX-14) explosives
*Variety of increased density glasses

—up to 5.5 gm/cc glass were identified that were able to produce jets
that did not particulate

—above this density either could not make the glass or did not form
coherent jets

Ed A, 0w
70mm shaped charge High Density Glass Investigation

TECHNOLOGY DRIVEN. WARFIGHTER FOCUSED.
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sLower jet velocity shaped charges\tended to produce extreme
particulate jet behavior

*May be related to the brittle nature of glasses observed at lower
temperatures and pressures

*Similar to jets produced from improvised bottle shaped charges and
fielded demolition shaped charges

*Similar jets have been observed from bulk metallic glass lined shaped
charge jets

Extremely particulated glass jet

WARFIGHTER FOCUSED.



*Extremely ductile jet behavior appears to be associated with higher
pressure and resulting glass jet temperatures
*Believed to be a result of traditional glass softening at elevated

temperatures

*Very late time jet instability: “wobblization”
*Spiraled into a helical pattern
*Onset of this wobblization: between 40 and 57 CD standoff.

Flash x-ray of a glass jet at 57 charge diameters

WARFIGHTER FOCUSED.



«Jet overdriving was often clearly evident

*Many jet tips looking \like traditional highly overdriven metal jet tips
*Radially dispersed jet mass sprayed in front of the coherent jet
sLong portions of hollow jet tip

*Coherent jet was often noted at a velocity of about 6.5 km/s.

Shaped charge with a hollow section and overdriven jet tip

WARFIGHTER FOCUSED.



*Radially dispersed jet tip behavior appears to be associated with the
classical observed behavior resulting from supersonic flow conditions in
the jet formation region

*The degree of radial dispersion was found to vary from slight hollowing
of the jet to complete hollowing of the entire jet that became known as
“bubble jets”

A glass bubble jet

TECHNOLOGY DRIVEN. WARFIGHTER FOCUSED.
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*Some design and glass combinations appears to push the jet beyond
standard overdriven and bubble jet conditions

*Entire jet appeared as a series of fluid sections that became known as
a “droplet jet

A glass droplet jet

TECHNOLOGY DRIVEN. WARFIGHTER FOCUSED.
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A variety of traditional silica based glasses, including higher density
lead glasses, have been used as shaped charge liner materials

— EXxplosively packed bottles have long been used as improvised
shaped charges

— Standard demolition shaped charges use glass liners for
geologic materials penetrations.

— Shaped charge jet radiography reveals the extreme particulate
nature of these jets.

A series of progressively higher density glasses have also been
explored.

— Jet radiography results from these tests show distinct regions of
resulting jet behavior with extreme particulate, ductile or radially
dispersed behaviors.

— The resulting jet behavior appears to be both material and
design dependent.

WARFIGHTER FOCUSED.
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Component parts of the APFSDS projectile.



Subcalibre projectile with segmented penetrator (MIAT-Poland)



During 25t ISB in China was present the poster with conception of the of the segmented kinetic
energy penetrators for tank guns. The penetrator is composed of two tungsten alloy pieces connected
by screwed steel muff. The axial deformation of the connecting muff during penetration process
results in decreasing of the distance between tungsten segments. For this reason the rear segment can
hit the front segment to give it some additional Kkinetic energy enhancing penetration depth. During
simulations process it was established that for one of the developing variants the penetration depth
increases by 10% in comparison with penetration depth of the real penetrator with the same weight
and dimension. In the new concept called “forced segmented penetration”, thanks to application
of the 5 cm length connection muff, the penetration depth increased by 10% in comparison with
penetrations depth of the monolithic penetrator with the same weight and diameter. This kind of
segmented penetration phenomena wasn’t presented before.



The variants of the segmented penetrators analyzed during optimization.
Distance between tungsten rods: 2, 4, 6, 8 cm.



Configuration of the successive variants

. Penetrator Hit Penetrator Depth of Distance
Variants . Penetrator . . . between
diameter d velocity | weightm | Penetration
number length 1 [cm] tungsten rods z
[cm] v(m/s) [g] DOP [cm]
[cm]
A 55,4 3597 46,80 2
B 57,4 3635 44,30 4
2,3 1550
C 59,4 3672 45,51 6
D 61,4 3710 39,23 8




Numerical optimization of the distance between tungsten rods

During optimization
process it was established
that for B variant the
penetration depth is
similar to the depth for
penetrator C. For A
variant the penetration
depth increases about
5% in comparison with
the penetration depth of
B and C variants. The
penetration depth for
variant D decreases
about 10% in
comparison with the
penetration depth of B
and C variants. The
probable reason is the
phenomenon of slowing
down of the long
connection muff because
of getting stuck inside the
penetration crater.



Analyses of penetration process with different shapes of the penetrator nose

Lol | | | | | Ll
Ous s 6 0 7 & zfcm] 100 us & 6 70 75 8  z[cm

A It is visible that the crater
e e T is thinner and shallower for
the sharp nose penetrator.
It is necessary to be told
that the weight of the sharp

B nose penetrator is about
I TS — — 5% lower in comparison
with the blunt nose
penetrator
300 us 800 ps
A




Conclusions

On the base of the numerical results the following conclusions may be drawn:

1.

During optimization process it was established that for B variant the penetration depth is similar to
the depth for penetrator C. For A variant the penetration depth increases about 5% in comparison
with the penetration depth of B and C variants. The penetration depth for variant D decreases
about 10% in comparison with the penetration depth of B and C variants. The probable reason is
the phenomenon of slowing down of the long connection muff because of getting stuck inside the
penetration crater.

During analyses of penetration process with different shapes of the penetrator nose it turned out
that the crater is thinner and shallower for the sharp nose penetrator in comparison with the blunt
nose penetrator.

According to conclusions 1 and 2 it was decided to develop and produce the subcalibre projectiles
with the A and B penetrator variants. For both variants the blunt nose will be applied. The firing
test of APFSDS-T rounds with the novel segmented penetrators will be conducted on the Military
Institute of Armament Technology (MIAT) testing ground. During these tests the projectiles will be
fired from ballistic gun to RHA plates to compare the penetration depth.

The results of the firing test will be presented in the next paper.

ThisR&D is supported by Polish Ministry of Science and High Education - project No R 00 018 02.
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* Introduction

* Rifled barrel meshing

* Modeling barrel centerlines

* Measuring rigid body dynamics
» Effects/examples
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Introduction

* Objective: Improve modeling of gun barrel
and projectile interactions and dynamics

— Streamline the process of adding twisted rifling
and barrel centerline data

— Extract projectile motion data from results
 Allows rational determination of transverse and
spin-up loading
— Allows for more accurate predictions of
projectile motion at muzzle exit
« Can be used to reduce target impact dispersion
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Introduction
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» Defining the bore/barrel geometry
correctly in FE models can be laborious
and prone to user error

— Automating this process through scripting
can greatly reduce these problems

» High-fidelity FE models require a large
number of nodes

— Rigid-body projectile motion found by
processing node data from results files
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Jump Theory
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 Methods described can be

used to predict muzzle exit e \;i‘,

conditions related to jump

* Post-processing can provide
projectile angles, angular
rates, and velocities
— Used in jump predictions

* Jump testing can be
simulated when combined
with exterior ballistics

modeling

26 International Symposium on Ballistics
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Rifled Barrel Meshing

 Rifling is needed for accurate modeling
of projectile engraving and spin-up

« CAD geometry often very complex for
automated meshing algorithms

— Many additional steps required to create a
high quality hexahedral mesh from a CAD

model
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Rifled Barrel Meshing
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 Base 2D mesh extruded and rotated
following a specified twist rate

— Can be easily automated in pre-processing
tools

e Variable twist rates and mesh densities
can be specified

* Does not depend on rifled CAD model

— Allows for easy generation and comparison
of different rifling twist rates

26 International Symposium on Ballistics WARFIGHTER FOCUSED.



Barrel Centerlines
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 Barrel centerlines needed for accurate
modeling of transverse loads

» Centerline profile controls the CG jump
of the projectile
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Barrel Centerlines
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» Centerline shape can be measured
using bore-riding optical sensors

— This will generate a list of offset
coordinates along the barrel’'s axis
* Pre-processing tools can be scripted to
apply these offsets to the barrel’s mesh

— Allows for parametric studies comparing
different centerlines
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Measuring Projectile Rigid

Body Dynamics

* Projectile rigid body motion extracted from
results

— Provides an accurate representation of
projectile motion
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Measuring Projectile Rigid

Body Dynamics

« CG motion
mu; V... = my,; — % .
uCG—Zm G Z - Acg Z " — MaSS-Welghted average
of node motion

* Angular rates

WS U VSVt — Moment of inertia and
L= uxmy, angular momentum
-, o - calculated for all nodes
u;, +ul.3 —Uu;\u,, —U; U,
=S|~ e —ua — Angular momentum of a
i —uj Uy U, u212+u:22 r|g|d bOdy solved for

angular velocity
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Measuring Projectile Rigid

Body Dynamics

U = AU; * Rotation matrix A computed
ea)=nomom) - from il (i) and current (U
R(4,0,y)=A-A(4,0,p) O I )
— Deformation of the material

(cos¢p —sing O] means there is not a direct
B,(4)=|sing cosg O rOta“?n _
0 0 | — Iterative method used to find the
- . best fit
cos® 0 sind] « Function A defined as a
B@)=| 0 1 0 product of Euler rotations B, |
—sinf 0 cosd * Yaw, pitch, and roll found using
. '_ nonlinear least-s